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ABSTRACT

.This report concerns a basic investigation and develope-
ment of synthetic diester lubricating oils., A number of new
lubricants have been prepared having optimum proverties to
nake them especially suited for military uses, nong these.
are oils having unusually low evaporation rates and freezing
points, These properties have been obtained without any sacri-
fice of oxidavion stability or corrosion resistance, 2

A variety of synthetic diesters have been investigated
«nd the aliphatic branched chain compounds have been shown to
e especially suitable as base stocks for the development of
instrument oils and certain special purpose lubricants. 0ils
ni outstanding merit for use over the temperature range -100°0F
to 2500F have been developed. Addition agents have been found
‘wyable of imparting to these olls excellent resistance to rust-
ing, improved viscosity indices and improved oxidation stabili-
Lties, The finlshed oils are adecuately stable to hydrolysis,
are practically insoluble in water, and have good demulsibility,
Jlow foaming tendencies and low freezing points, Data have been
obtained on other properties of interest in lubrication such
a¢s specifie gravity, thermal expansion, and water solubility.

Recommendations have been made for numerous avrlications

of these oils to naval lubrication problems. Specification’
and availability problems have also been discussed. -
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INTRODUCTION
A. puthorization

1. This report concerns two investigations carried on con-
currently by this Laboratory. This is considered advisable,.

for although the properties of the desired eud products differed,
the same chemical approach was employed and the same bhasic
lubricating problems were involved. It is hoped that the re-
sulting combined report will be of increased value. In Project
Order No. 40227 of June 22, 1944 the Bureau of QOrdnance autho-
rized this Laboratory to conduct research on the development

of synthetic olls and greases for ordnance appliecations. 1In
Project Order No. 101/45 of July 19, 1944 the Bureau of Aero-
nautics authorized the investigation and development of improved
aircraft instrument lubricants &nd damping fluids.

B. Furpose of Investigation

2. In numerous types of equipment in present day naval use
extreme operating conditioas are often involved. This led to

an increasing demand during the war for lubricants having un-
usual properties, Designers, manufacturers, and users of fire
control equipment, depth bomb mechanisms, fuse mechanisms,
aeronautical compasses, gyroscopes, clocks, gun sights, bomb
sights, recorders, and aerial photographic equipment have been
concerned with various lubrication problems. The most common
difficulty has been that of obtaining sufficiently effective and
chemically stable lubricants having pour points ranging from
-400F for ordnance cquipment to -80°F for aeronautical equipment.
The problem has been made more difficult by the need for non-
volatile fluids having viscosities at 100CF of not over 10 to

15 centistokes and having the smallest possible temperature
coefficient of viscosity. The best obtainable rust inhibition,
and hydrolytic and oxidation stabilities are required to care
for service use and for eventual long time storage conditions,

Because of the high cost of the equiprent involved and the relative

ly small volume of lubricant needecd per unit, the cost of the
lubricant is clearly a relatively minor matter. However, early
commercial availabllity and manufacturing control such that
difféerent productlon batches would have the same performance .
characteristics are essential, Other properties desired are
non-toxicity, wresistance to mold growth, and compatibility with
petroleum lubricants to care for accidental contamination so
likely to occur under wartime service conditions,

3. The required combination of properties: low viscosity

at -40°F, low freezing point, and low rate of evaporation made

1t very difficult to produce the required lubricants from petroleum
-7 -
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0oil fractions, Although suitable hydrocarbons could be syn-
thesized and might conceivably be prepared from petroleum by .
the adoption of unusual fractionation procedures, either the
synthesis or the careful selection and control of base stocks.
and the special equipment and specially trained personnel in-.
volved would make the product as expensive as non-hydrocarbon.
synthetics, Furthermore, it would be a time-consuming and un-
welcome task for any petroleum manufacturer to produce such
fluids since the volume required, although large as compared .
with pre-war standards of instrument oil production, would still
appear small or insignificant to the producers possessing the
necessary trained personnel and special equlipment, It was there-
fore considered advisable to-develop a homologous group of syn-
thetic organic chemicals for the naval lubricating applications
involved. .

C. Historical Background

4., Esters of dicarboxylic acids have been widely used in
industry in the past twenty years for plasticizers and vacuum
pump oils, The use of diesters a& plusticizers 1s the earliest
lerge scale application known to this Laboratory. The dimethyl,
diethyl, dibutyl, dioctyl, diphenyl, and dibenzyl phthalates

and sebacates have been amung the commonly used plasticizers.
Dibutyl phthalate was investlgated and recommended for use as

a vacuumn pump oil by Hickman and Sanford (1,2). Later a variety
of other diesters of phthalic acid were studied and applied by
Hickman (3). In present high vacuum distillation practice, use
1s made of the dibutyl, diamyl, and dioctyl esters of either
phthalic or sebacic acid, the dioctyl esters presumably being
the 2-ethylhexyl esters.

De Although monoesters have heen used for a long time as
lubricants or for lubricant additives, the use of diesters for.
such purposes is relatively new. In connection with developmental
worle on polymer thickened hydraulic oils, the Petroleum Refining
Laboratory of the Peunsylvania State College tested a number of
undisclosed esters and dlesters and reported finding that a
commercial grade of di-(2-ethylhexyl) sebacate was an effective
antitack additive for use in the low flash point petroleum
hydraulic oils being studied (4). That laboratory also reported
tbat the same diester was a useful base fluid for preparing -
viscous polymer thickened, damping fluids of high viscosity
1gdices. 4 group of commercially available esters were described
with respect to their viscoslity .temperature and melting point
characteristics, but no further information was given as to the
chemlcal nature or purity of the compounds used.

6. _ Although the diesters of Paragraph 4 were commercially
avallable, due to the uncertainty as to their purity and the

- D .
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necessity for reliable data on their physical and chemical
characteristic¢s, it was decided to synthesize and purify all.

of the diesters studied in this investigation. Such a program
would permit a study of the relation of structure to the proper-
ties of interest in lubrication and would permit developing the
best possible low temperature lubricants, It was planned that

" later in the research program, after performance standards were
set up by the development of lubricants made from the pure
compounds, lubricant compositions could be prepared safely from
less carefully purified diesters, :

II. PROPERTIES OF THE PURE DIESTERS AND DEVELOPMENT OF SUITABLE
ADDITION AGENTS - -

A. Theoretical Considerations

P AT

7 An important advantage of diesters as compared to mono-
esters is that compounds of relatively high molecular weight can
be prepared without resorting to the use of either alcohols or |
acids of high molecular weight, In addition, more variety in ¢
the possible molecular configurations is possible due to the !
availability in such compounds of two reactive linkages. By the I
full use of a variety of commercially available branched chain
aliphatic alcohols, a diverse group of diesters can be prepared, .
As in the development of vacuum pump oils the desired low vapor : !
pressure can be assured by preparing compounds of sufficiently |
high molecular weight, this factor being limited by the molecular X
weights of the available alcohols and dicarboxylic acids. Thus :
dioctyl phthalate or dioctyl sebacate would have lower vapor
pressures than diethyl phthalate or diethyl sebacate., Likewise, !
esters of sebacic or azelaic acids, which have ten and nine \ §
carbon atoms respectively, are preferable to esters of an acid i
such as suceinic which has only four carbon atoms per molecule, i

8. For application to lubrication, consideration must be
given to obtaining the proper viscosity and freezing point
chagactgristics. To keep the viscosities of the fluids low at
-40°F, it 1s essential that the branched chains be as short as
possible consistent with the need for obtaining low freezing
points. This can be done readily by using branched aliphatic
alcohols reacted with straight chain dicarboxylic acids, by using
branched chain monocarboxylic acids and straight chain éihydric
algoholg such as decamethylene glycol, or by using branched
aliphatic dicarboxylic acids reacted with straight chain alcohols.
A? present the relatively lower cost and aveilability of the
diesters made from dicarboxylic acids reacted mith branched chain
glcohol§ makes thelr use preferabie, Presumably this has been
tbe decision of others in developing vacuum pump oils and plasti-
cizers, The required low freezing points can be obtained by two
methods, The first method is to cause branching of the molecule

to give hindrance to the regular

RESTRICTED -3



alignment and closest packing of the major molecular chains, .
The second method is to apply the well known rule of alternation
of the melting points of organic compounds of a homologous
series and of the lower melting points of straight chain com-
pounds having an oddé number of carhon atoms per molecule, Thus,
much lower melting point esters of dicarboxylic acids should
be made from azelaic acld which has nine carbon atoms than

from elther sebacic acid or suberic-acid having ten and eight
carton atoms per molecule respectively. Of course, the presence
of the ester group itself is advantageous in causing the diester
compound to have a lower freezing point than the analogous hydro-
carboa compound, - :

9, The hydrolytic stability of a diester should be capable

of being increased by the addition of one or more minor hydrocar-
bon chains branching from the major ester chain in such a way
that each branch is close enough to an ester group to create
hindrance or blocking to the close approach of water or acid
molecules, Hence, the branching of the major chain of the diester
should occur on the beta carbon atom of the alcohol or of the .
acid, If the blocking effect is increased too much, however,
there will be an added difficulty in obtaining good yields in

the esterificsztion reaction. Hence, long hydrocarbon chains
branching from the beta or nearby carbon atoms are undesirable,

10. The viscosity-temperature characteristics of the pure
diesters can be related to the characteristics of analogous
hydrocarbon compounds, Also differences in the viscosity-
temperature characteristics of the various diesters can be related
to differences in their molecular structure. The esters of
dibasic straight-chain acids would be expected to have viscosity-
temperature cheracteristics similar to those of the analogous
paraffin hydrocarbons. It has been shown that the normal paraffin
hydrocarbons have the most favorable viscosity-temperature
characteristics of the hydrocarbons,.. Various generalizations

on the effect of chain length, branching, cyclic groups, unsatura-
tion, and functional substituents for hydrocarbons have been made
by several investigators (5,6,7,8,9).

11, A very limited amount of information is available in

the literature on the viscosity-temperature characteristics

oT the higher molecular weight paraffin hydrocarbons. luch of

the published information is of limited value as the purity of

the compounds studied is unknown, Likewise, only the lower mole-
cular weight esters of the dibasic aliphatic acids have been in-
vestigated as regards their viscosity-temperature characteristics.
Aicomparison of the kinematic viscosities of the diethyl esters

of aliphatic dibasic acids and of the normal paraffin hydrocarbons
of the same chain length is presented in Table I. The chain

-4 -
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lengths of the diesters were considered to be the number of
atoms in the longest chainj; thus, one oxygen atom from each
ester group is included in the calculated chain length.

12. The kinematic viscosities of the dlesters were calculated
from the absolute vliscosity and density data of Dunstan, Hilditch,
and Thole (10), The viscosities of the normal hydrocarbons except
sridecane and pentadecane were oblained by interpolating the
viscosities given by Wvans (11) from their curves on an ASTM
viscosity-temperature chart, The viscosities of tri- and penta-
dscane were calculsted from values of absolute viscosity and
iensity glven by Doss (12). The viscosity of pentadecane is
inconsistent with the other data.

3. Table I reveals that these diesters'are more viscous than
che analogous paraffins of the same chain length but tend to

& awproach them ia viscosity at higher chain lengths., Tie diesters

| teing more visccus than paraffins of the same chain length will
not requlire as long a molecule to give the desired viscosity.
i This 1s advantagevus from the synthetic point of view as the
2itrTiculties of synthesis increase with the size of the molecule.
also the smaller diester molecule will have a lower freezing
B onint than the analogous paraffin due to both its shorter chain
m -ongth and the effect of the two ester groups.

14, Thorpe and Rodger (12) in their studies on viscosity
pointed out that "It seems futile to oxpect that any definite

¢y stolchiometric rejlations should become evident by comparing
observations "taken at the same temperature', Many other investi-

1 gators have reached this same conclusion. Better correlations

have been found when comparing properties at the melting and
boiling points and all other equivalent points. These results .
B are of considerable theoretical significance, but it is difficult
to translate them into useful data, It is.simpler to determine
the viscosities over the temperature working range. However,
certain generalizations have been worked out which are useful

1n predicting the viscosity and the viscosity-temperature charac-
teristics of liquids from their structural configurations.

) (a) Increasing the chain length increases the viscosity
and lmproves the viscusity-temperature characteristics as evidenced
by high value of V.I. and low value of the slope.

, . (p) The addition of side chains increases the viscosity
gnd impairs the viscoslty-temperaturs charscteristies, The
amovnt is dependent upon the number and extent of the branches.

- (c) The position of the hranched chain exerts a variable
B ‘nfluence on the viscosity, .
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(d) The addition of cyclic groups causes larger increases
in viscosity and greater increase of viscosity-temperature
coefficient than aliphatic chains.

(e) 1Increasing the ratio of the cross section of the
molecule to its length increases the viscosity-temperature
aoefficient.

15, These generalizations were used to outline a program for
the syathesis of a group of diesters to be prepared by other
members of, the Lubrication Section from available dibasic acids
.nd branched chain alcohols. 1In order to obtain the smallest
viscosity-temperature slope (or the maximum V.I.) an entirely
sliphatic diester was preferred., In order to obtain fluids
which were of as low viscosity as possible consistent with the
need for low evaporation rates at room temperature, branched
chain diesters were preferred having branches with no more

than several carbon atoms,

B. Ihe Preparation of Pure Diesters and Some Properties Found
During the rreparation :

16, The above conclusious coupled with considerations of the
evallability of starting materials and of the need for a group
of fluids having a range of viscosities resulted in a definite -
program for the synthesis and development of a number of diester
lubricants, The group studied ancd reported here includes esters
of sehezcic, azelaic, and adipic acids, Some esters of phthalic
acid were included for comparison, The alcohols used were con-
fined to the branched-chain saturated aliphatic alcohols at
present commercially available in volume i.e., l-ethylpropyl,
2-ethylbutyl, isoamyl, undecyl, tetradecyl, and heptadecyl
alcohols, the last three being the branched~chain aliphatic _
alcohols manufactured by the Carbide and Carboa Chemicals Corp,
A discusslon of the synthesis, purification, and chemical identi-
fication of the resulting diesters will be found in another
report of this Laboratory (14).

17, The physical and chcemical properties of each pure diester
were subsequently examined and special emphasis was placed on
bropertins of interest in lubrication. Chemical additive agents’
Were ceveloped for use¢ as antioxidants, rust inhibitors, and

V.I. improvers., The data obtained, the lubricants developed,

and tge conclusions pertaining to them are presented in this
report,

18, . In Table II are listed the diesters synthesizecd and purified
by thls.Laboratory for this and related investigations, The
theoretical moleecular weights and the observad freezing ncints

-6 -
RESTLICTED

- e e St T S



¢

were obtained from NRL Report P-29573 (14) and are listed here
for convenience of reference., The compounds are grouped by the
acids uscd and usually within cach such group by increasing
molecular weight., It was found that the freezing points were
depressed by the presence of impurities especially of traces

of the alcohols used in the synthesis, Also, due to the branched
atructurs of these organic compounds, the liqulds readily super-
cooled to give much lower apparent freezing points than the,
true values. It was thercfore necessary to chill each liquid
until solid and then slowly warm it in order to measure the
melting point correctly, The pour points as defined in the
specifications for petroleum 0ils were considered too unreliable
to be of any value in discussing diesters,

19, Focussing attention first on the pure diesters those
having freezing points terlow -75°F are: the l-ethylpropyl dlesters
of adipic, azelaic and sebacic acids, the 2~ethylhexyl diesters
of adiplc and azelaic aclds, and the 2-ethylbutoxy diester of
.adipic acid., Those having freezing points below -40°F but not
below -759F are the 2~ethylhexyl diesters of phthalic and sebacie
acids, the 3-methylbutyl diester of adipic acid, the 2-ethyl-
butyl diester of azelaic acid, and the branched undecyl, tetra-
docyl and heptadecyl dieslers of adipic, azelaic, and sebacic
acids, If mixturss of these pure diesters are used, nany cx-
tremely low freezing point mixtures can bc made, while any of

the above mixed with the ethyl or butyl diesters of phthalice
acid, the 2-ethylbutyl dicsters of adipic acid, or the 2-methyl-
butyl diester of»azelaic acid may also ce useful for numerous
moderately low tempsrature uses., Two component mixtures of par-
ticular intcrest in connection with the dcovelopment of instrument
oils suitable for extremely low tempcratures are those of the
2-ethylhexyl dicsters of sdipic, azeleic and sebacic aclds.

In NRL Report P-~2543 (14) it was report~d that mixtures of the
azelate and sebacate containing over 20 par cent by weight
azelate and mixturcs of the adipate 2nd sebacate containing

over 35 per cent by weight zdipate had frrezing points below
-75°F, Of course, all mixtures of the adipate with the azclate
would have freezing points below -909F,

C. Viscosity-Temperature Charactecristics

20, The kinematic viscosity-temperature cheracteristics of the
diesters were determined over the temperature range of interest,
The viscositics vwere determined in calibrated Cannon-Fenske
modified Ostwsld type viscometers according to the ASTM Method
D445-42T, ASTM kinematic viscosity thermometers czlibrated by

the National Bureau of Standards were used to measure the tempera-
turcs at 779, 1009, 130° and 210°F., The baths were thermostaticall
controlled to & 0,03°F, |

-7 -
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21, For the low temperature determinations a well-insulated
constant temperature bath with double windows was used. Tem~"
perature control was maintained by balancing a low wattage
immersion heater against the cooling effect resulting from the
sublimation of the dry ice contained in a compartment surrounding
the liquid bath., "Methyl cellosolve" was used as the bath
liquid, The temperature was measured by the E.M.F. from a 6~
sunction copper-cupron thermopiie (calibrated at the freezing
points of water and mercury and the sublimation point of solid
carbon dioxide) in conjunction with a type B Rublcon potentiometer
and a sensitive external galvanometer. The E.M.F. from the
thermopile was 120 to 140 microvolts per degree F, '

2. The Cannon-Fenske modified Ostwald viscometers were cali-
rrated at 1009F. At all other temperatures theusual correction
factor was applied to compensate for changes in the dimensions

of the viscometer and in the volume of the liguid., These factors
have been determined over the range 60° (o 210°F, and the values
lfor the lower temperatures were obtained hy extrapolating the

curve through the known points to the desired temperature, The
variations of the viscosity with temperature of each diester are
given in Table 11T, and the data plotted on extended ASTM viscosity
temperature charts D341-43 are shown on Plates 1 to 4 inclusive.

23, - 0f the several methods of rating lubricants according to
their viscosity-temperature characteristics the most common are
the viscosity-temperature slope or the "ASTM Slope" and the
"Viscosity Index*, usually abbreviated to V.I. The ASTM slope
is the tangent of the angle made by the viscosity-temperature
curve on the A3SYM chart and 1s measured linearly., This msthod
is advantageous in that the¢ slope may be determined for any
portion of the liguidus rauge of the fluid desired, The lower
the valuc of thu slope the ‘less is the change in viscosity
with temperature, The slope value is guite useful in comparing
fluids having apiroximately the same viscosity at a given
reference point. ,
24, The kinematic viscosity index or V,I. was determined by
ASTM method D567-41, The V.I. is the figure calculated from
the kinematic vistosities at 1000 -according to the following:
equations LU :
V.I. g X 100

"U" is the viscosity of the oil in question at 100°F, "L" and
"H" are the 100°F viscosities of hypothetical oils having the
same viscosity at 210OF as the oil under consideration, Hypo-
thetical o0il "L" has a V.I. of O and oil "H"™ a V.I. of 100,
For oils having viscosities below 4.20 centistokes at 210°F
:23 Xglues of "H" and "L" may be calculated by the following
squationss

-8 -
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H = 1.4825x *+ 0.91375%2
L= 1.655x + 1,2625x2

where x is the kinematic viscosity at 210°F. Tables of the "H"
and "L" values are included in the ASTM procedure., The "H"

and "L" values were originally based on the viscosity-temperature
characteristics of contrasting types of petroleum lubricating
oils. A V.I, of 100 is considered good for petroleum oils mot
containing polymer thickeners and is about as high a rating as
can be obtained by present industrial refining methods. As the
reference temperatures are 1000 and 210°F this method gilves no
information as to .the low temperature characteristics of the oil
in question, '

29, A third eguation very'commonly used to predict the viscosity-
temperature characteristics is that of Andrade (15):

Equation (A)'Fi‘ = 4eB/T

where 1} = viscosity in absolute units (poises), T = absolute
temperature, and A and B are constants. This equation holds with
a fair degree of accuracy for a large variety of liquids., Many
variations of this equation have been proposed in hopes of im-
proving the linear relationship, frequently by the inclusion of

a third constant in the eoquation which makes it more difficult

to use, If the constant B is multiplied by R or K, the gas or
Boltzman constant respectively, the dimensions of the product

{ are that of energy. Thus, B = I/R where I = increment of energy
of activation of viscosity; therefore:

Equation (B) ;1 = ael/RT

26, Evans (16) found equation (A) to fit the data on the
simpler hydrocarbons with a fair degree of accuracy but this
equation gave curves instead of straight lines for the higher
hydrocarbons, He concluded that the ASTM eguatiod fitted the
hydrocarbons with a greater degree of accuracy than any of the
nine equations investigated. HNissan, Clark and Nash (17) in-
vestigated the viscosity-temperature characteristics of a number
of liquids including normal paraffins, isoparaffins, olefins,
alkyl halides, alcohols, aldehydes, ethers, esters, acids and
others and found that I in equation (B) was not a constant even
when temperatures of equivalent states were used instead of the
absolute temperature of the determinations, Thus I or the constant
B in Andrade's equation is not constant but varies with the.
temperature. The degree of association of the liquid probably
influences the variation of B more than any other factor, but B
- varles even for unassociated liguids, notably the paraffins,
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27, In Table III the data are arranged in families of diesters
according to the dibasic acié¢ involved. The graphs of the vis-
cosity vs., temperature on the ASTM chart of Plates 1 to 4 are
nearly all straight lines. As previously mentioned the ASTM
equation is an empirical one, and there is no known theoretical
reason why the viscosity-temperature curves of the diesters '
should be straight lines on this chart, It is known that polar
compounds whose degree of association varies witn temperature .
give curved graphs oo the ASTM chart, This suggests that the
assoclation of these diesters does not vary much with temperature,
Thatever the theoretical basis, the ASTM slope 1s an excellent
means of characterizing the entire viscosity~-temperature curve

of diesters, The slope and, for comparison, the V,I, of each
compound are given in Table III.

28, Using 100°F as a reference temperature an examination of
the data in Table 111 shows that the diesters of orthophthalic
acid, U-shaped moleculss with the cyelic group as the base of
the U, ars more viscous than the diesters of the aliphatic
dibasic acids. Also the viscosity-temperature relationships of
the phthalate esters are less favorable as cvidenced by V.I's,
and slopes, than those of the aliphatic dibasic acid esters of
comparable wolécular weight, The phthalate esters have much
higher cross gection length ratios than do the corresponding
aliphatic dibasic acid ssters, Methyl phthalyl ethyl gly-
colate is more viscous than the corresponding ethyl ester
which is unexpected., As theose é€sters arc commercial prepara-
tions their purity is doubtful,

29. The effect of increassing chain length of the acid on
the viscosity is made more apper=nt by rearranging some of

the data of Table III to form Table IV, 1In these examples the
inecrease in cheain length is attained by increasing the chain
length of the strecight chain dibasic acid; thus the branching
and estor groups occur at identical positions from the ends of
the chain for each example cited., Therefore, Table IV shows
that the viscosity is incressed by increasing the chain length,
Increasing the chain length also. improves the viscogity-temper-
ature slope if the amount and extent of the branching remsins
constant, A comp.rison of the data on the di-(3-methylbutyl) -
and di-(1,3-dimethylbutyl) adipates and sebacates shows that
lncreasing the number of branch chains incrrases the viascosity
but impairs the viscosity-tempersture chsracteristies, These
results are in full agreement with the theoreticsl conclusions
o Sectlon A rclstive to the relation of diester structure to

~ Viscosity and viscosity-temperaturc slops, '

- 10 -
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30, The un-, tetra-, and heptadecyl dlesters of adipic acid
exemplify the effect of lncreasing the extent of branchiang on
viscosity. Graphically these esters have the following struc-
turess '

0. 20
(h) C~C~C~C~C—C—C-?—OJCnC—C-CﬂC-C-O-C—C—C-C-C-C-C~C
‘ : ‘ Cd ]
c C c C
f |
C i C
diundecyl or di-(l-methyl, 4-ethyloctyl) adipate
0 ' £z
(B) C—C-C-C-C-C—C—C~OJCvC—C-C-C~O~O—Q~C-C-C—C~C—C~C
: { S |
c C C c
! S . i {
c ¢-C C-C C
] i
c C
ditetradecyl or di-(l-(2-methylpropyl),4-ethyloctyl) adipate
. 0. .0 ~
(C) C=C~C~C—C-C-C—Q-O-C-C—C—C-C-C;O-C-C—C-C-C-C-C-C
; ! i
v C ¢ c
! | i
c C C C
> i [
C-C-C c-Cc-C
l |
C C
| |
C C

dibeptadecyl or di-(l-{3-ethylamyl),4-ethyloctyl) adipate,

From the above description of the molecular structures involved,
it 18 seen that these diesters all contain asn ethyl group in the
4 p051tion'and that the difference in branching is due to the

increases in length and branching of the side chain at the 1
puozition.

31, The viscosities, slopes and V,I,'s are compared in Table

V. Tue .ncreases in viscosity due to increasing the size of

the branched chain are apparent, The di-heptadecyl adipate does
not conform to the theory that the viscosity-temperature charac-

“ teristics are impaired by inereasing the branching, These ~sters

were synthesized at this Laboratory (14) from commercial alcohols
of unknown purity and being so viscous were difficult to purify

N by distillalion and adsorption.
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32, A comparison of the viscosities of diesters of two
different dibasic acids, whose over-all structural configura-
tions are identical except for the differences in the positions
of the ester groups, leads to some interesting conclusions.,

The structural formulae of these esters arc:

i

0, 0

0 =ConG =m0l = G =G =G nC = GG =G G =C
i B

di=(3-methylbutyl) adipate

£=G-0-8-C~0-G-C~C-C -c-c-c"go_-c ~C

. a

di-(l-methylethyl) sebacate,

Roth diesters have a major chain having a length of 16 atoms
and have a methyl side chain at the 2 position. The results
are arranged in Table VI for comparison. From Table VI it is
seen that the position of the ester may be varied without
causing appreclable changes in viscosity or viscosity-temper-
ature characteristics if the structural skclecton remains the
same, - The freezing point is, however, greatly influenced by
the relative positions of the groups being much lower for the
di-3-methylbutyl adipate., It is unfortunate that this is the
only example available for comparison,

33, An examination of the viscosity vs. temperature graphs
of the diestersy Plates I to IV inclusive, revecals that in
general a straight line is obtained on the ASTM Chart. However
the graphs of diesters of alcohols containing an ether-oxygen
linkage curved upward in the low temperaturc region. It was
also noticed that the graphs of other diesters curved upward
when their viscosities were determined below their freezing
points, i.c. when they were supercooled liquids and in a meta-
stable state, The observed curvature in this region may be
attributed to increased association. Several of the commercial
diesters of phthalic acid also have curved graphs., It is
believed that the curvature is in many cases due to the presence
of impurities., In the course of this investigation it was found
that as the purity of a diester was improved the viscosity vs, .
temperature graph tended to approach a straight line, It is
concluded that the viscometric propertics of aliphatic diester
series approach, at high molecular weights, those of the analo-
gous hydrocarbons, The most desirable diesters for maximum V,I.
end low frcezing points are those having a long principal chain
with two or more short side chains such as methyl or ethyl

(and possibly propyl) groups.
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D, Volatility

34, The evaporation of low viscosity instrument oils and
polymer thickened hydraulic oils has been the source of e¢on-
siderable trouble to the Navy., The evaporation of the volatile,
lers viscous fraction of petroleum oils used in such lubricants
has in many instances left residual oils with considerably
increaseu viscositices and pour points, Increasing the viscos-
ity incraases the torque and thus reduces the sensitivity of
many instruments for low temperdature operation, 1In extreme
cases of gvaporation so little lubricant remained that the
mechanism was not adequately lubricated, In othcr applications
the evaporation and recondensation of the lubricant on optical
parts of the instrument was sufficiently great to obscure the
vision, thus rendering the instrument useless,

35, As many naval instruments and indicator and control
systems contain delicate complicated mechanisms and often

many inaccessible perts, their relubrication is a major over-
haul operation requiring the services of an expert., Therefore,
it is essentizl that the time intervals between relubrication.
periods be increased as nmuch as possible. One of the requisites
of a suitable lubricant is a low evaporation rszte.

36, Petroleum oils are fractions or cuts containing a
variety of hydrocarbons of different volatilities and viscosi-
ties, The evaporation of the more volatile constituents changes
the physical properties of the lubricant., Thus it was reasoned
that a lubricant made from a bsse fluld consisting of one or

two pure organic compounds each having a sufficiently low vol-
atility would ideally sztisfy this requirement,

37, The bwiling points of the diethyl esters of the dicar-
boxylic acids (18) (oxalic through sebacic, with the exception
of azelaic) as compared to those of the analogous hydrocarbons,
(12) i.,e., normal paraffin hydrocarbons of the same chain length,
are given in Table VII,

38, From Teble VII it is evident that the lower members of
the hgmologous series of the diethyl esters of aliphstic dicar-
boxylic acids have considerably higher boiling points, and
therefore lower evaporation rates, than the same chain length
unbranched hydrocarbons. On going up this homologous series the
hydrocarbon portion of the molecule increases while the diester
portion remains constant, Therefore, the influence of the latter
on the boiling point will be less noticeable as the molecular
weight increases.

- 13 -
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. It is well known that the physical properties of the
normal alkyl hydrocarbons differ from those of their branched
chain isomers, General rules have been given on the effect”
of branching on the boiling point, Briefly they are as follows:

(a) The boiling point of the branched chain hydrocarbon
will be lower than that of the normal hydrocarbon isomer,

(b) The addition of a side chain to a normal pesraffin
hydrocarbon will increase the boiling point,

(¢) The increase in boiling point by the additiorn of
gside chains will vary according to the amount and extent ot
the branching and to a lesser extent, it will be influeaced
by the position of the sidc chain,

40, From the above considerations it is evident that the
diesters of the normal alcohols will be less volatile than

those of their branched chain isomers, However, there are other
properties desired in.an instrument lubricant; in particular,
the freezing or pour-point of the oil must be considered, as
temperaturcs of -80°F are reported to be encountered in cc tain
aczronautical applications, As the diesters of the normal
alcohols not only have higher boiling points than their branched
chain isomers, but also higher freezing points, some compromise
must be made to obtain a fluid with sufficiently low freezing
point and a satisfactory degree of non-volatility,

41, The rate and the amount of evaporation of the diesters
were determined by the following empirical test procedure, The
change in weight with time of a standard sample in a standard
container under controlled conditions of heating and circulation
of air was determined, Crystallizing dishes 45 mm., inside diam-
eter and 3% mm, deop contezining a 10g. sample of the diester
werc maintaimed at a tempcrature of 1509F% 0,5°F in a convection
type drying oven., The liquid surface exposed was 16 sq. cm.

The samples were cooled and weighed at Intervals of 24 hours
until 166 hours of exposure elapseds Av the end of the evapora-
tion test the viscosity of the non-volatile fraction was deter-
mincd and the change in viscosity calculated. The meutraliza-
tion aumber was also determined on the samplc before and after
the test using the procedure described in Federal Specification
VV-1-791b Msthod 510,31 (B). None of these diesters changed

in neutralization number,

42, The results of the evaporation tests on the diesters
are shown in Table VIII, The diesters are arranged in families
(accarding to the dibasic acid) in the ascending order of chain
length, Branch chain diesters having the same chain length

_ - 14 -
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are arranged in order of increasing mplecular weight, Di- *
substituted diesters precede monosubstituted ones of the same
molecular weight, The phthalic acid diesters are arranged in
the order of increasing molecular weight, and no attempt was
made to estimate the chain length of the molecules as they are
nJ-shaped" and have a ring as the hase of the "U", These are
als? commercial products whose purification has been described
( ] 4 . b

43, 0f this group only diethyl phthalate lost more than .
one per cent by weight during the evaporation test, Increasing
the ester goups from ethyl to butyl reduced the evaporation
loss from 7.3 to 0.6 weight per cent, The di~(2-ethylhexyl)
phthalate showed no loss in weight during the evapopation test,
The evaporation-time curves for these phthalate diesters are
approximately straight lines indicating the evaporation of a
one component system rather than one containing a small amount
of a volatile impurity. The negligible change in viscosity
after evapo-ation, which is within experimental ecrror, is
further confirmation of thls fact,

44, The phthalyl glycolates, which are triesters, also
showz2d decreasing evaporation rates with increasing molecular
weights, They are less volatile than diesters of o-phthalic
acid which would be expected because .of the addition of the
third ester group, The considerable increase in viscosity
after the evaporation test i1s greater than would be expected-
from the evaporation loss, The evaporation-time curves show a
high initial rate which flattens out after the first 24 hours,
indicating a volatile component, It was impossible to deter-
mine the neutralization number of these samples as the end point
faded badly. This 1s évidence sf hydrolysis, ‘

45, The diesters of adipic ascid investigated ranged in
chain length»from 12 to 28 atoms and included fluids having a.
bolling point of 124°C at 10mm, pressure to those requiring
"molecular distillation" under high vacuum, The (l-methylethyl)
diester with a chain length of 12 lost 46 weight per cent
during the evaporation test, while the (l-ethylpropyl) diester
lost only 2,1 per cent, and the viscosity change was within
experimental crror, All other adipic acid diesters except

(1, 3-dimethylbutyl) and diundecyl or (l-methyl- 4-ethyloctyl)
had evaporation welght losses of less than 1/2 per cent., The:
former sample decreased in neutralization number during the
evaporation test, This could be explained as due to the
evaporation of the monoester, However, there was a negligible
change in vistcosity. The undecyl diester had a high initial
change in viscosity, The undecyl diester had a high initial
evaporation loss indicating a volatile contaminant, The per
cent viscogity change and neutralization number increase were
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4,2 and 0,05 respectively which confirms presence of a vola- ;
tile component,

46, The di({2-ethylbutoxy)ethyl) adipate, though having

a low evaporation loss, showed increases in neutralization
number and viscosity indicative of oxidation instability.

The molecularly distilled diesters hed high neutralization
numbers, indicatlng that they contalned some acldic impurities,
There was insufficient material available for evaporation

tests on the ditetradecyl and di-(2-(2-butoxyethoxy)ethyl)
adipates., . i
47, The diesters of azelaic acid investigated ranged in
chain leazth from 17 to 25 atoms and ia boiling points from
1920C at 5 to 6 mm, to 2359C at 2.5 mm, 2?11 had evaporation
losses of 1/2 per cent by weight or less except the (2-butoxy-
ethyl) diester. This sample had-a high neutralization number
which increased during the evaporation test, The viscosity
increase was 2,9 per cent at 1009F. The other dlesters had
negligible increases in neutralizetion numbers and viscosities
except the (2-methylbutyl) dlester which increased 1,3 per cent
in viscosity, indicating the presence of a volatlle impurity -
or some reaction during the test.

48, The diesters of sebacic acid investigated ranged ian
chain length from 16 to 28 atoms and included fluids having

a boiling point of 1750C at 13 mm, pressure to one that had

to be molecularly distilled under a high vacuum, Only the
(l-methylethyl) diester (chain length 16 atoms) had an evapora-
tion loss greater than 1/2 per cent. These diesters all had
low neutralization numbers except the di(2-ethylbutoxy)ethyl)
sebacate whose neutralization number of 0,30 decreased to 0,20.
after the evaporation test. This $anple also increased 1.7

per cent in viscogity (1009F) due to evaporation,

49. It is evident that numerous diesters of the aliphatic
dicarboxylic acids can be prepered having low evaporation
losses. The evaporation rate can be reduced by increasing

the chain length and/or molecular weight. Due to the pour
points or freezing points required, the diesters must contain
tranched chains for the applications under consideration., Be- .
cause of the difficulties encountered in preparing all the
diesters in sufficiently high degree of purity, 1t is not yet
rossible to predict accurately the minimum chain length re-
ouired to get a predetermined evaporgtion loss. However, from
the results given here it is estimated that diesters having

a chain length of 18 atoms or more will have evaporation losses
un@er the test conditions of approximately 0.3 per cent by
weight or less depanding upon the amount and extent of branch-
ing. The evaporation losses of these diesters are much less
than those of rctroleum oills of the same viscosity. Numerous -
comparative data on this and related points are presented in
another report of this Taboratory (ref. 19).
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E, Flammgbility Characteristics

50+ Iaformation relative to the flammabilities qf the ‘
diester oils is necessary to'determine to what extent precau-
tions should be taken for their storage and use, No one test

has been found that is capable of characterizing the flammability

of an o0il under all the conditions to whic¢h it may be exposed,
Therefore, several tests have been used to evaluate this
property.

51, The flash point is frequently used as a measure of the
tendency "of an 0il to ignite when exposed to an open flame or
spark, However, for high flash point oils this test is more
nearly a measure of their volatility or vapor pressure, as the
temperatures required for ignition are not attained without an
external source of heat, The Cleveland Open Cup flash and fire
points (A3TM Method D92-33) of several typical diesters zare
given in Table IX. The rssults show that the least viscous
diester di-(l-ethylpropyl) azelate with a viscosity of 6,66 cs
at 100°F, had a flash point of 3709F, and a fire point of 395°F,
The most viscous diester tested; di-(2-ethylhex 1? sebacate with
a viscosity of 12,6 cs at lOOOF, had a .flash point of 450°F,

and a fire point of 500°F. The diesters of intermediate vis-
cosities had flash and fire pointd between these extremes. The
flash and fire points of pure diesters, stripped of volatile .
impurities, are related to thelr boiling points or vapor press-
ures as a comparison with Table VIII indicates,

52, The additives used to inhibit oxidation and prevent
rusting had only a slight effect on the flash and fire points .
of the diesters, The addition of 0,1 per cent of the antioxidant
4-tert-butyl- 2-phenylphenol and of 0,25 per cent of the rust.
inhibitor zine di(phenylstearate) to the 0il di-(2-ethylhexyl)
adipate increased the flash and fire points from 380 to 400°F,
and from 430 to 4400F, respectively, As the flash point is

very sensitive to the presence of small amounts of volatile
flammable impurities the heating procedure used to hasten the
solution of the additives nay account in part for the increase

in the flash point observed. The fire point is not so sensitive
to the presence of such impurities, The spread observed in the
values reported is within experimental error, - The addition of
the rust inkibitor calecium di(phenylstearate) in concentrations
up to 3 per cent by weight to di-(2-ethylhexyl) sebacate contain-
ing 0.2 per cnet 4-tert-butyl 2-phenylphenol had no effect on

the flash and-fire points beyond that which may be attributed

to experimental error.
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. The spontaneous ignition temperature is the temperature
to which the 01l must be heated before it will ignite spontape-,
ously. To obtain reproducible results in the laboratory the
teet procedure must be rigidly controlled as the jgnition
temparature 1s alffected by numerous variables, The apparatus
used was that of Sortman, Bcatty and Heron (20) and the pro-
cedure has been deseribed in detail in previous reports of this
Laboratory (21, 22).. The ignition cup was of stzinless steel
and electricaliy heated, A 10 milligram drop was used with @n
air flow of 129 cc./min, -

54, The spontaneous ignition temperatures of some diesters,
all of which had ethyl side chains, are reported in Table IX,
The results show that the di-(l~ethylpropyl) azelate had the
highest ignition temperature, 8420F,, and di-(2~-ethylhexyl)
adipate the lowest, 7430F, The (2-ethylhexyl) diesters of
azclaic and sebacic acids were somewhat higher being 7560F, &
7650F, respsctively, Data iacluded in reference (22) indicate
that the spontaneous ignition temperatures of esters decrease
as the chaln length incrcases, Also, it is known that the
srontansous ignition temperaturcs of the normal paraffins de-
creage as the chain length increases, The deviations from this
generalization observed in the ignition temperatures of the
2-cthylhexyl cesters is helieved to be due to impurities and

to some extent, experimental errors.

55, The addition of up to 3 per cent of calcium di-(phenyl-
- stearate) to di-(2-ethylhexyl) sebacate containing 0,2 per cent
of 4-tert-butyl.- 2-phenylphenol had little effect on the spontan-
cous ignition témperature, The addition of the acryloid polymer
thickener HF-880 to di-(l~ethylpropyl) sebacate reduced the
spontaneous ignition temperature slightly, Since this polymer
was recelved as a tolueune solution it is possible that a small
amount of toluene could have rcmained after the stripping opera-
tion employed, But, any remaining toluene which has an ignition
temperature of 11656F. would not be expected to lower the igni-
tion temperature, Therefore the lowering of the ignition temper-
ature is attributed to the acryloid polymer, This effect is
. not unexpected us it has been previously observed that the
ignition tcmperatures decrease with inereasing chain lengths,

56, The "spray inflammability" or the ability of a spray
or mist of oil to prqpagate a flame was determined in the
apparatus developed at this Laboratory and d escribed in earlier
reports (21, 22), The oil was sprayed from an artist's air
rush in a mixture of oxygen and nitrogen gases at the rate of
10 ml, of 0il to 10 liters of gas per minute, The per cent of
oxygen by volume recquired to propagate the flame at a speed

eXceeding 350 cm/min, in such a spray was used as the criterion
of flammahility,
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. The results of the spray inflammability tests (Table IX)
reveal that 16 to 23 per cent of oxyzen is required to propagate
the flame in a spray of the diester oils. This is a higher .
concentration of oxygen than the 12 per c«e¢nt required by light
mineral olls such as used in the preparation of petroleum base
hydraulic oils. However, as air contalns approximately 21 per
cent oxygen by volume such a spray would propogate a flame in air,
Honce a spray in alr of any of these diester olls would present
a serious fire hazard. ‘ 2

58. Ar. incendiary firing test was made on di-(2-ethylhexyl)
sebacaté (22) and that fluid was found to be as flammable as
petroleum olls of the same viscosity grade. This is in agree-
ment with the prediction made from the result of the spray
inflammability test,

59, The diesters though flammable were much less susceptible
to ignition from a spark or open flame than were petroleum oils
of similar viscosities as ewvidenced by their higher flash and
fire poin{s., The additives used to stabilize oxidation and
prevent rusting had at most only a slight effect on the flash
and fire points of the diesters, The svontaneous ignition temp~-
eratures weve all ahove 700°F. The ignition %emperature decreased
as the chaln lengths of the diesters increased, this also being
typical of hydrocarbons. Though data are limited, the ignition
temperatures of the diesters were somewhat, higher than those of
hydrocarbons of similar structures, It i3 possible that lower
or higher ignition temperatures could have been obtained if
another type apparatus or different test sonditions had been
used, The catalytic effect of different surfaces may also affect
the temperature of ignition greatly. The "spray inflammability"
test revealed that 15 to 23 per cent of ouygen was required to
propagate a flame in a mis® or spray of the diesters. As air
contains 21 per cent of oxygen »y volume such a spray of the
diesters would be flammabie. Iacendiary firing experiments
revealed that di-(2-ethy’hexyl) sebacate, the only diester
tested, was flammabie under such conditions., Additional flamma-
bility data on che other diesters preparcd for this report will
be obta%nei when suflicient quantities of the pure diesters are
availah: e

F. Snceifiz Gravity and Thermal Expaneion

60, The densitiss of the dlesters were determined at 25°C.
(77°7.), as referred to water at 49C,, in a 5 ul, pycnometer,
The pycnometer was calibrated with water at this temperature
using the corrections in Standard Density and Volumetric Tables,
Cirenlar of the Buremu of Standards, No. 19. The results are
given in Table ‘(. :
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61, As would be expected the di~sters of phthalie acid
were the heaviest of those Investigated since they contsin an '
aromatic ring as well as two ester groups., Increasing the
aliphatic portion of the molecule reduces the density, as
evidenced by the densities of 1,114, 1,043, and 0,981 respect-:
ively for the diethyl, dibutyl and di-(2-ethylhexyl) esters °
of phthalic acld., The phthalyl glycolates with three ester
groups have a grecater density than the alkyl phthalates,

62, The esters of the dibasic aliphatic aclds are less dense
than those of phthalic acid., These compounds also decrease

in density as the hydrocarbon portion of the molecule is in-
creased. Branching of the hydrocarbon chain will cause a
variation of density, As the hydrocarbon chain is increased

the diesters would bte expected to approach the densities of the
analogous hydrocarbons, Some of the density results reported
are inconsistent with the above reasoning, e.g. the di-(2-ethyl-
butyl) adipate has a greater density than any of the other
adipic acld esters except di-(l-methylethyl) ester, These few
inconsistencies probably are due to impurities not yet removed
by the method of purification employed.,

63, The diesters of the aliphatic dibasic acids are more
dense than petroleum oils of the same viscositles, Unlike
petroleum 0ils the densities of the diesters investigated de-
crease with increasing chain length or viscosity, The reason .
for this has been discussed above,

64, The specific gravities of four of the esters, di-(1l-
ethylpropyl) azelate and the di-(2-ethylhexyl) esters of
adipic, azelaic and sebacic aclds were determined over the
temperature range - 40° to 210°F, A Westphal balance was used
and the obser&ed apparent specific gravities at temperatures
other' than 60“F, were corrected for changes in the volume of
the glass plummet, The specific gravity - temperature curves
were straight lines over this temperature range, but their
slopes differed slightly. The changes in gpecific gravity per
degree F, were 422, 413, 397 and 394 X 10™° respectively for
di-(l-ethylpropyl) azelate and the di-(2-ethylhexyl) esters

of adipic, azelaie znd sebacic acids. Therefore, the smaller
the hydrocarbon portion of the diester molecule the greater
the change in specific gravity with temperature,

65, The specific volume, or volume per unit mass, of each

of the above four diesters wes calculated from the specific
grevity and thé specific volume-temperature curves were glotted.
These curves were practically linear over the range - 40° to
100°F, The deviations from liaearity became more pronounced
above 100°F, From these the coefficients of thermal espansions
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obtained (- 409 to 100°F.) were 486, 471, 464 and 464 X %0'6 a
and from 100° to 2100F, were 518, 509, 491 and 491 X 10- :
respectively for di-l-(ethylpropyl) azelate and the di-(2-ethyl-
hexyl) esters of adiple, azelaic and sebacic acids. The '
coefficilents of thermal cxpansions of these esters are somewhat
higher than thosc of petroleum olls of the same specific gravity
grade, for, aceording to the Abridged Volume Correction Table
for Petroleum 01ls, Supplement to National Bureau of Standards
gircalar C410, Group I Petroleum 0ils (specific gravities og
0.850 to 0.99é) have coefficients of expansion of 400 X 10~° .
per OFo . ‘

66 , The specific gravities (60/60°F.) of the dilesters were
calculated from the densities at 25/40C, by.converting to
specific gravities at 77/60°F, and using 0,0004 as change in
specific gravity per °F, This was the value determined on

the four esters mentioned above, The specific gravities of
the diesters are also given in Table X,

G, Ixidation Charactoaristics and Antioxidants

67, Information ss to the oxidation stability of a new
additive compound or lubricating fluid is generally necessary
before its range of usefulness can be appralised. Under service
conditions the fluid should not oxidize to form quantities of
precipitates, sludges, or gums capable of clogging oil lines or
interfering with the lubrication process or other functions of
the 0il, Also it should not separate into non-miscible liquids,
It'is obviously important that the acidic oxidation products be
held to a minimum and that these products should not be corrosive
to the metals in the system, Also it is desirable that the
viscosity and the viscosity-temperature characteristics of the-
0il after oxidation .should not differ greatly from that of the
original fluid,

6€. There is a dearth of information in the literature as to
the oxidatiosn charscteristics of esters, particularly uander condi-
tlons approximeting scrviece applications for instrument oils,
From hond suergy determinations (23) it would be predicted that
the ester linkages are more thermally stable than the C-C bond,
Therefore, the oxidation stability test should not be confused
by the oxidation of cracked products due to the pyrolytic in-
stability of the ester groups. Srpontaneous ignition temperature
measurcments (see Section E) reveal that the esters and diesters
lgnite at higher temperatures than aliphatic hydrocarbons of the
same chain length, Thus in an uncatalyzed reaction the esters
would be expected to be somewhat more stable than. the analogous
hYQrocarbons and to follow the same general rules governiag the
oxidation of the alkanes.

-
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69, G. Bgloff (24) has enumerated the generalizations b
relating molecular structure to the thermal oxidation of
alkanes. These are summarized below:

(a) As the length of the normal hydrocarbon chain in-
creases, the oxidation stability decreases.

(b) Branching and condensation of the molecule increasés
the oxidation stability.

(c) An increase in temperature usually results in a
shorter induction period and a more rapid rate of oxidation.

(d) An increase in pressure may influence the oxida-
tion in several ways: (1) It increases freguency of molécular
collisions with subsequent increase in reaction rate. (ii) It
deactivates chain carriers. (ii1) It alters the electrostatic
field giving rise to induced or increased polarity. (iv) The
dirsction of the reaction is that leading to a decrease in
volume of the system, (v) Foreign gases, solids, or inter-
medlate resction products may inhibit, accelerate or have no
cffect on the oxidatioa reaction., (vi) An excess of oxygen
may cause 2 decrease in the amount of oxidation,

70. If the oxidation characteristics of the aliphatic diesters
follow the generalizations worked out for the alkanes, then the
shorter diester molccules would be expected to be more oxildation
stable than the longer chain ones. Branching, particularly

if it tended to form more condensed molecules, should increase

the stability. The effect of varying the position of the ester:
groups on the oxidation stability of diester molecules having

the same structural configurations is not known. It seems reason-
able to assume that the stability would decrease if the length of
any hydrocarhon chain in the molecule greatly exceedsd the others,

71, A statlic type test using Norma Hoffman bombs was used

to evaluate the oxidation characteristics of the diesters. The
01l sample (25 grams) was contained in a cylindrical glass vessel
or liner that fit snugly into the bomb. Metal specimens of
electrolytic copper, 24ST duralumin, and SAE 1020 cold-rolled
 Steel 1-1/2" x 1/2" x 1/16" were used as oxidation catalysts

in certain of the tests. The surface area of each was 1.75 sg.in.
(11.12 sq.cm.). The specimens were polished and degreased as
deseribed in Section (H). The specimens were arranged in the
form of an equilateral triangle with the 1/2" edges in contact
®lth the other specimens, The bomb assemblies were flushed with
Oxygen to remove the air before filling to 100 psi of oxygen at
room temperature., The bombs were maintained at 2120F & 0,5°F, at
¥nich temperature the initial pressure was 125 psi. The change
10 pressure with time was observed during the test period of
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168 hours., At the conclusion of the test period the samples
were allowed to cool to room temperature and then were examined
for changes in viscosity, neutralization number, odor and color,
the formation of precipitates or sludges and separation of ‘
immiscible liquids. When the metal specimens were used, they’
were examined for evidences of corrosion and rusting. -

72. Several typical diesters were selected for non-catalyzed
vomb oxidation tests. These were the di~(2-ethylhexyl) esters

of adipic and sebacic acids and the di-(l-ethylpropyl) esters

of adipic, azelaic aad sebacic acids and the di-(1,3-dimethyl-
butyl) ester of sebacic acid. They were chosen in order to °
obtain some indilcation of the relative stabilities of esters

of different acids and of different alcohols, The results of
these tests, Table XI, indicate that the di~(l-ethylpropyl)

esters of adipic, ezelaic, and sebacic acids are more resistant
to oxidation than the di-(2-ethylhexyl) esters., No differences
in the oxidation stabilities of the same esters of the different
acids could be detected by this test.,” The di-(1,3-dimethylbutyl)
sebacate was the least stable of the diesters examined, Since
the purity of the diester samples varied, it 1s difficult to

draw rigorous conclusions from the oxidation tests as small amount:
of imourities may influence the course and rate of the oxidation
reaction, However, it aprears that the shorter chaln and more
condensed diesters are the more stable to the oxidation conditions
used in the tests, and they therefore appear to follow the quoted
generalizations of paragraph 69 relating molecular structure to
oxidation stability of alkanes.,

73. The results of the oxidation tests indicate that the pure
diesters have approximately the same oxidation stabilities as

the corresponding alkanes of the same molecular configurations.
But the increase in neutralization number and the formation of
precipitates during oxidation reveal that these o0ils as such are
not sufficiently oxidation stable to be considered as satisfactory
lubricants for all of the naval applications of interest: :

74, The oxidation stabilities of many compounds and fluids can
be improved by the addition of small amounts of oxidation inhibi-
Pgrs. The effect of various inhibitors on the stability of gaso-
iines, petroleum oil fractions, fatty oils, rubbers and many

other products has been widely investigated and reported in the
sclentific, technical and patent literature., A review of the
results of many investigators on the effect of antioxidants in
gasoline and petroleum oil fractions, as well as an extensive .
blgllggraphy on the subject, may be found in two books by Ellis
{29?20). The results show that some substances effective as
inhibitors of the oxidation of a given type of compound may be
lneffective or even act as oxidation accelerators for another
EYPe_compound. he effectiveness of different antioxidants was
tound to vary e among the various hydrocarbons, such as alkanes
aikenes, aromati s, and naphthenes. In addition, the effectivenes
Of many inhibitocs varied with the temperature of oxidation,

Some being mors s ffective at high temperatures than at low tempers-
tures, and vice versa. ‘
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75, Most of the accepted theories on the oxidation of
hydrocarbons, and of many other typns of orgsnic compounds,
postulate an autocatalytic reactions The antioxidant retards
or prevents the oxidation by breaking the chain of the reaétion, .
guch theories 1nclude: ;

(a) The hydroxylation theory of Bone (27) which postu-:
lates the formation of an alcohol z2s the primary step,

(b) The peroxide theory of von Elbe and Lewis (28)
which postulates the formation of a per-acid as the primary
product, ‘

(c) . The dehydrogenstion theory of Lewis (29) which
postulates the formation of an unsaturated hydrocarbon and its
skidation to an unstable neroxide,

(d) The .aldehyde degradation theory of Pope, Dyksfra
and Edzar (30) which postulates the formatlon of an aldehyde
which is further oxidized with the loss of a carbon atom,

76, - The peroxide theories of von Elbe and Lewis (28) and
Lewis (29) are the most generally accepted, Four possible
mechanisms have been considered by which the antioxidant A
cg&ﬁ react with the auto-oxidizable peroxide PO, to bregk the
chain, , ~

(1) POy + A 5 FO 4 A0
(2) PO, + 4 =3 P 4 A0,
(3) 2POy4 A* =y 2P0 4 ALOé
(4) P02 +A4 3 PrA+O0p

Method (4) is the most desirable as it inhiblts the oxidation
and does not consume the antloxidant, but rarely is this attain-
eds Method (1) is believed to occur most frequently in practice.
This method retards the oxidation reactlon to a lesser extent
than Method (4). Also, the inhibitor will be consumed in time;
then the reaction will revert to an autocatalytic one, Regard-
less of whether the auto-oxidizable substance is a peroxide,

if the inhibitor reacts with it to break the reaction chain,

the oxidation reaction rate will be retarded or inhibited, As
monomolecular and blmolecular reactions frequently require a
greater activation energy than autocatalytic reactions, addition
°f an inhibitor will usually increase the induction period thus
Prolonging service life,
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. 0f the many compounds investigated (25) (26) as oxida=- é
tion inhibitors those containing an easily oxidizable group were iF
in general found to be the most e¢ffective, the aromatic hydroxy !
and amine compounds being the best netroleum and hydrocarbon. 3
inhinitors, Lowry (31) and Egloff, Morrell, Lowry and Dryer r
(22) found that alkyl, aryl, or tertiary amino groups ortho or -
para to the amlino or hydroxyl group gave increased inhibition, »
The presence of nitro, carbonyl or carboxyl radicals had the
opposite etfect., : ‘

7€, Because the results of the oxldation tests and spontanéous
ignition temperatures indicated that the diesters were not oxi-
dized at the ester linkages, 1t scemed reasonable to assume that

- the inhibitors generally effective in retarding the oxidation of
hydrocarbons and petroleum fractions would also be effective in
the diesters, The di-(2-ethylhexyl) ester of sebacic acid was
chosen as the solvent dlester for this phase of the investigation,
as it was available in the greatest guantity and highest purity,
The oxidation test used was the bomb test previously described.
Mntal catalysts were - also used because an 0il is seldom used in
all all glass system,

79. The cffectiveness of some aromatic hydroxy and amino

~ compounds, all soluble at - 60°F,, in inhibiting the oxi-
dation of di-(2-ethylhexyl) sebacate under the conditions des-
cribed are shown in Table XII, Of the compounds investigated
only. 2, 4-dichlorobenzophenone, which is not r<adily oxidized,
had no iahibitiag «ffoct on the oxidation recaction, All of the
aromatic hydroxy and-amine compounds investigated had a marked
inhibiting effect on the oxidation reaction as reflected by the
much smaller changes 1in oxygen pressure, neutralization number -
and viscosity as compsred to those of the uninhibited di-(2«
ethylhexyl) sebacate, '

€0, The tests made on the inhibiting action of diphenylamine,
p-cyclohexylphenol and p-hydroxydiphenyl were with a less pure
semple of the basc stock diester as reflected by its higher
initial neutralization number, The catalytic effect of the acidic
impurities present may account for the greater neutralization
number increase observed, The green coloration of the oil after
oxidation is attributed to a recaction on the copper catalyst.
forming soluble copper salts, None of the tests with other ‘
compounds except that with 4-tert-butyl catechol, was accompan-.
led by green coloration of the oil which is indicative of copper
corrosion, )

€1, A number of the compounds invegtigated even in small weight
concentrations of 0.1 to 0,2 per cent inhibited the oxidation of
the di-(2-ethylhexyl) sebacate so effectively that the oxygen
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consumption was less than one pound per sq, in. in 168 hours,

the neutralizaotion numbrr increase was 0,20 or less and the
viscosity change was negligible, Nelther was there evidence

of any attack or corrosion of the metal catalyst or formation.

of precipitatcs or sludges., The compounds having such effect-
ive inhibltory prorerties were p-tert-butyl o-cresol, 4-tert-
putyl 2-phenylphenol, p~tcrt-amyl phenol, o-cyclohexyl phenol
and thymol, The oxidation stubility imparted to the di-(2-cthyl-
hexyl) sebacate by these inhibltors was equal or superior to .
that of many petroleum instrument oils (19),

22, It has been shown by Dornte et al, (33) (34) (35) that
the oxidation reaction may be unaffected, accelerated or retard-
ed by volatile resction produets, The Influence of high press-
ures and excess oxygen concentration on the oxidation reaction
hns been referred to alrezdy (24), Therefore, to characterize
more¢ fully the oxidaetion stabllitles of the diesters, oxidation
tests at atmgspheric pressure without an excess of oxygen and
with the removal of the volatile products should be made, Such
trsts have been made on finished dlester oil compositions and
are discusscd in Part III of this report,

23, The pure dlesters as such did not have the oxidation
stability required for lubricant applications as evidenced by
their oxygen consumption, increzse in neutralization number and
the formation of preciplitates, However, a number of compounds
were found to be capable of inhibiting the oxidation of the
d diesters even 1in the presence of the common metzl catalysts,
soighat the oxygen consumption for a 16& hours test period at
212°F, was negllgible, The neutralization number increase was
0,2 or less and no precipitates or sludges were formed. Now
was there evidence of any attack on the metal catalysts, The
inhibitlon to' oxldetion obtained was equal or superlor to that
of most petroleum oils of comparable viscosity grades, The
effective inhibitors were of the same types as those used for
hydrocarbon and petroleum olls,

Ho 0il Soluble Rust Inhibitors

€4, Highly refined petroleum oils and many other types of
bass stocks have little or no rust inhibiting action in the pre-
sence of water, One of the most common and effective methods of
inparting rust inhibiting properties to these fluids is by the-
addition of a small amount of a suiltable oil-soluble polar

® organic compound, An explanation of the mechanism or mode of

| action of such compounds in preventing rusting has beern given

in a report of this Laboratory (36), This report also discussed

i tost methods and the efficiency of many compounds and additives

¥ 95 rust inhibitors in Navy Symbol 2135 petroleum oil, As the
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mode of action of rust inhibitors will be the same in the
diester oils as 1in petroleum oils, the good rust inhibitors
found thea should zlso be effective in the diester oils if
soluble. However, differences in the solubilities of the
compounds in the two base stocks may affect thelr relative
ratings as rust inhibitors.

85, Laboratory tests discussed in (36), which were designed
to simulate increasingly strenuous service conditions, were
used in this study to evaluate the compounds considered promis-
ing as rust inhibitors against the rusting action of both dis-
tilled rater and synthetic sea water, The inhibitors dilscussed
here do not include all examined, but are only those showing
the most promise for the applications under consideration.

£6, A modification of the ASTM Rust Prevention Test (D665-
44T) was used to eveluate the effectiveness of the inhibitors
against drops of water dispersed in the oil, This test was
designed to simulate the rusting action of drops of water dis-
persed in the oil and was developed to test rust inhibitilon
properties of turbine oils, The drops of water that adhere to

the test gpecimen are continuously being washed away by the

0il stream, Therefore, the water drops must penetrate the
protective film within a short time if rusting is to take place.
The average time of adhesion of the water drop is dependeat upon
the size of the drop (degree of dispersion) and method and spsed
of stirring, This 1s one of the least rigorous of the rust pro-
tection tests and simulates the protection against rusting afford-
ed by the o0il when the system is in operation and the water is
dispersed in the oil,

€7, As the quantities of available dicsters of hiéh purity
were limited;a modification of the A.S.T.M, Test (D665-44T)

was used to conserve the diester oils, The modification con-
sisted essentially of a rcduction in the size of the oil sample
and test srecimcen, The test specimen was a cold rolled steel
(SAE1020) strip - 4 1/4" X 1/4" X 1/22", The oil sample was

75 ml, and 10 pcr cent of this volume of water was used, A -
glass paddle rotating at 1080 rpm was uscd to disperse the

water in the oil, The procedure was the same as that described
in the ASTM Method except for the preparation of the test
specimen, The test temperature was 140°F, and the duration of
the test 24 hours. This test has been found to be somewhat more
rigorous thdan the A.S.T.M. test as some samples that pass the

former test allow a slight amount of rusting with the modified
proczdure,

8%- Each specimen was polished and degreased as follows:
After the use of new No. 150 and No. 320 emery papers, every
Possible precaution being taken to avoid handling the specimen
"ith the fingers, it was placed in a clean glass container of
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commercial C,P. benzene and boiled for three or four minutes.
The specimen was transferred directly from the benzene by.
means of clean metal tweezers to another vessel containing
either high grade petroleum ether or C.P. ethyl ether and
boiled for approximately one minute, The specimen was then
transferred from the solvent directly into a beaker of the oil
to be tested, It was necessary to make this last transfer
rapidly, due to the fact that any delay with such a degreased
steel specimen resulted in the rapid appearance of a layer of
rust due to exposure to the atmosphere, The warm ether
evaporated rapidly allowing the transfer to be made with
adequate speed, ’

€9, The effectivancss of the degreasing procedure was tested
by the water drop method, A drop of grease - free distilled
water was allowed to fall upon the surface to be tested, If

the test specimen was completely degreased, the drop of water
spread to cover uniformly the entire surface, did not.draw up

to form drops, and evaporated showing interference colors during
the last stage of evaporation, ’

90, As the properties of the diester oils suggested their
most promising spplications to be for low temperature lubricants,
only those rust inhlbitors soluble at low temperatures are
discussed in this investigation., All of the inhibitors invest-
igated showed no evidence of precipitates after 96 hours at
-659F, except the sorbitan monooleate and the amine salts of
aliphatic acids and these were completely soluble at -400F,

In seeking rust inhibitors use was made of di(2-ethylhexyl)
sebacate as the solvent or base stock since at the time it was
the only pure diester available in sufficient quantity. The
effectiveness of these compounds as rust inhibitors in the other
aliphatic diesters would be exrected to be vonly slightly diff-
erent, Any differences found would ke attributed to the rela-
tive solubilities of the inhibitors in the various diester oils,

91, The results of the modified Turbine 0il Rusting Tests
with dl-(2-ethylhexyl) sebacate as the base stock are given in
Table XIII, The compositions were rated numerically as to the
amount of rust formed on the test specimen, If the whole sur-
face of the test specimen was rusted a rating of 10 was given '
the 0il, No rust is denoted by a rating of zero, and numbers -
between 0 to 10 denote the fraction of surface rusted. Fraction-
al ratings of 1/4 or less denote the number and size of small
rust spots, 1/64 denoting one small rust spot,

92, All of the divalent metal soaps of the aryl stearic
aclds investigated when present in a weight concentration of
0,35 per cent prevented the test specimens from rusting in the
Presence of distilled water, When synthetic sea water was
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uscd only the magnesium di-(xylylste-sr-te) completely prevented.
the rusting of the test specimen, The calcium and barium soaps
though having a mzrked inhibiting action 2llowed a slight amount
of rusting »s denoted by their ratings in Table XIII, As indi-
ceted in the table the emulsions formed during the test period
were relatively unstable, breasking completely in less than an
hour. The pH of the sepsrated water was determined after the
tests and the higher results obtained when magnesium di-(xylyl-
stearate) was used indicate a greater degree of hydrolysis than®
in case of the calcium or the tarium soaps,

a3, For many applications a greater degree of rust inhibi-
t.on 1s desired than can be evaluated by the iodified Turbine
7il Rusting Test. Therefore a more rigorous test, the static
Jsater drop test, was used, This test simulates the rusting
action of a drop or pocket of water in a system where the oil
is culescent, i,e. dead ends or a system not in operation, The
teet spicimens were cold rolled steel (SAE1020) plates approx-
imstely 1 inch square and 1/16" thick., In the center of one
lrce w shallow conical depression approximately 1/32" deep was
mace with a 7/16" diameter center drill whose tip was ground

to form aa included angle oi 148&°, Immediately following the
Aegreasing procedure, previously described, the test specimen
was immersed, drilled-face upward, in a 1/4" layer of the oil
to be testsd contained in a small beaker (100 ml,) or petri
¢ish, After the m-tal test specimen hacd bren in contact with
the 211 for one hour at the test temperaturs to allow a reason-
atle approximatioun of adsorption cquiiibrium to br reached,

a drop of water was placed in the oil so that it rested in and
Just filled the conico® depression. The spoeeimens were obscrved
at 24 hour intervels and rated as to the amount of rust formed.
The usual duration of th: t.st was 168 hours,

94, The results of static water drop test when distilled
water at 140°F, was used sre given in Table XIV. The metal

salts of the aryl stearic acids, complotely prevented the rust-
ing of the t.st sprcimens during ths test period (168 hours)
when prosent in 0,25 weight per cent concentration., No differ-
ences could e datected in the rust inhibitory action of these
compounds in the vsrious diesters, The zine salts of the sub-
stitutwd shorter chain sliphatic acids cmployed also prevented
the rusting of the test sprclmen when present in a concentration
of 0.50 weisht per cent., The sorbitan monooleate and the amine
Sﬁl?s of the substituted aliphatic acids shough active in ia-
1ibiting the rusting of the specimen did not completely pravent
s rusting, as shown by the ratings in Table XIV,

i, In goaerel, tho effectiveness of rust inhibitors has
bien found to dier-ese with increasing teperature (36). One
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of the more promising rust inhibltors, calcium di-(phenylstearate),
was examined in concentrations from 3.0 psr cent to 0,35 per cent
by woight using the statie watcr drop method with distilled water
at 1600F, The results rcvesled that only 0,35 weight per cent

of inhibitor prevented the formation of rust at 160°F, for the
duration of the tecst (168 hours), .

96, The effectivenass of the inhibitors ia preventing rust-
ing in thy presence of sea vater was determined by the static:
=gter drop at 1000F, The di-(2-ethylhexyl) sebacate offered
little or a0 protection from the rusting action of the synthetic
sca water as shown by a corrosion rating of 10 obtained in less
vhan 24 hours of exposure Table XIV. All of the compounds in-

7 stigated exerted an inhibiting effect, but noue completecly
‘revented rusting for the test period (168 hours). The most
cifective inhibltors of thosc tried were the divalent metal
cvaps of substituted aliphatjic acids and these allowed only a
s1ight szmount of rusting during the 168 hour test period as
~videnred by the small fractional valuc assigned the rust rating.
weroaging the concentration of the rast inhibitor caleium di-
-vheaylstesrate) from 0,35 to 3,0 weight per cent caused only

o clight improvement in theo rust protecction and this was evident
uily after sevrral days. :

97 The effectiveness of the inhibited diester oils in pre-
venting the resting action of water on iron or stesl parts
coveraed by only a thin £ilm of the diester was dotermined by

a spray cablnet test. The test specimens for this test were
rectangular, colé rolled steel(S8AE 1020) strips, 3" long, l-1/2"
wide und 1/E" thick, They were cleaned and degresscd as pre-
viously doseribed efter which thay were dipped in the test oils
for one ninut:e and then allowed to drain at room temprrature
for two hours before being rlaced in the spray cabinet. The
speeimens were supported perpendiculurly from the bottom. The
Spray cabinet wocs tho Type B, Size 2, rubber lined cabinet

of the Industrial Filter and Pump Manufacturing Company., The
test tempsraturce was 1000F. and distilled water wes atomized
with 2 glass nozzle naving 2 1 mm, tip and operated by clean
alr under a prescure of 25 psi, The spray wss deposited at the
rste of 0,1 ml,/sq,cm./ & nrs, :
9%, In this *est there is no opportunity for the oil film
Lo be replaced or repsircd once it is broken, Also the con-
tinuous leeching setion of the water will gradually remov: the
rust inhibitor, Thercforc, the test is prokably more of a leech-
g st and simulstes = condition where waler is continually
“elng deposited snd ¢ llowed to drain off the parts or mechanism,

79, The results of various concentrstions of caleium di-thenyl-
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stearate) and magnesium di-(xylylstesrate) in di-(2-cthylhexyl)
sebacate in preventing thr rusting action of a2 continuous spray
of dictilled water arc given in Table XV, The rust ratings
indicote that the calcilum snd mzgnesium aryl ctrarates had
spproximatcly the same inhiliting power when used in same weight
concentrations., Increasing the concentration of these comvounds
improved tae amount of inhibition obtained both as regards the
extent of rusting and the time reqiired for rust to appear.

100, These experiments show that the diecter oils have little
27 no rust inhibition properties and if used as 1lubricants where
vhere is” the likelihood of water accumulating. in the system, a
rist inhibiting additive should be incorporated in the oil.
luboratory tests simulatinz increasingly severe service con-
'itions where used to evaluate the compounds investigated., The
nmost satisfectory rust inhibtitors found were divalent metal

coaps of substituted aliphatic acids and were capable of prevent«
ing the rusting of iron or steel parts for 16" hours by a static
drop of distilled water when tested at 1409F, These inhibitors
wvere effective in concentrations as low as (.25 to 0.35 weight

¢r cent and were solible in the diesters at temperatures as

o as - 65°F, The divalent metal scaps of substituted ali-
ohatic acids, though unable to completely prevent the rusting

of the test specimen in the presence of a static dro: of syn-
thetic sea water at 1009F,, greatly inhibited its rusting action,
Further increases in the concentration of the inhibitor had
oitly & slight effect on the rust inhibition obtained. Low
concentrations of these soaps retarded the rustidg of iron and
steel when subjected to a continuous spray of distilled water

but did not preveat rusting. High concentratioas of approximestely
¢ per cent of these soaps wecre found necessary to prevent the
rusting of specimens whea subjected to suei conditions. Speci-
fications should not reguire s ;r-ater degree of rust inhibition
then that necessary to give satisfactory service operation be-
cause increasing amounts of rust inhibitors frequently affect
some other desirable property of the lubricant adversely.

(1) Polymer Thickeners and V.I% Improvers

101, The changes in viscosity with temperature of the best
petroleum oile are so great that they do not falfill the require-
ncats of many Naval app®ications. Synthetic fluids have baen
vestigated in the hope of finding an uil with the desired
viscoslty - temperature characteristies. Although some fluids
with unusually low temperature coefficients of viscosity have
bfen developed, often their use has been restricted by other

| Mysical or chemical proverties as well as by excessive costs
anC¢ limited availability, Petroleum fractions ~an be thickened
With polymer additives to form fluids with viscosity ~ tempera-
tgre characteristics saperior to those of conventional retroleum
dilsy fiowever, other considerations liait the improvement ob-

"TTRICTED 31

I




§

tainable. Experience has shown that if two oils of the same :
type, one being less viscous than the other, are thickened to the
same viscosity at a given reference point with the same polymer,
the less viscous base stock oil will have the better viscosity-.
temperature characteristics, Therefore, further improvement in.
the viscosity temperature-characteristics will require the use .
of less viscous base stocks. But as the viscosity of petroleunm
fractions decreases, the volatility increases. Since in many
spplications non-volatility is an important requirement, it is
obvious that the volatility requirement will limit the useful
improvement in V,I, obtainable by dissolving polymers in petroleum
oils. Numerous lubricants with improved viscosity-temperature
characteristics have been obtained by the addition of linear
polymers to petroleum fractions, the most common being the so-
called "flat viscosity" hydraulic oils, e,g. AN-VV-0-366b, 0S-2943
and 05-1113. €ince the addition of the polymer increases the
viscosity of the fluid, lighter (less viscous) and hence more
inflammable petroleum fractions must be used as base stocks in
blending polymer additive oills.

102, Staudinger (37) desveloped an empirical equation relating
the molecuiar weight of humologous polymers to the specific
viscosities of the diluted solutions,

~q sp/c = Km U1

h a Ly .S.’.Q.lu;_ion - = il e 3
where *\SP Le22592598 - 1 = specific viscosity

‘.\'
and M = molecular weight of polymer
Km - constant

¢ « concentration of polymer

17

There has been much discussion and criticism as to the accuracy
of this equetion and it has been found . sp/c is not a constant
tven at high dilutions for high molecular weight polymers. But
f regardless of its accuracy it is known that the increase in the
ratio Y| solution is some direct function of the molecular weight

n solvent :
andﬂmlecular welght distribution of homologous polymers for
fquivalent concentrations, Therefore, the higher molecular weight
gﬂymers of homologous seriés have the greater thickening effect,
-@n51derations of economy mzke preferable the use of the higher
MWlecular weight polymers, However, it has been observed, that
_ﬁgder certain operating conditions the viscosity of polymer addi-
‘1ve oils decreases, and that the viscosity decrease is greater

viscosity (poises)

- 32 -

RESTRICTED




i

for oils containing very high molecular weight polymers, An .
parlier report of this Laboratory (3f) discussed this effect
and attributed it to three causes, shearing stresses being by
far the most important. An eguation was also presented for
calculating the highost molecular weight polymer that could

Le safely used for a given application., The rates of shear
encountered in hydraulic systems, in whcih the above mentioned
0ils are used, are much greater than thosc likely to be
encountered in other applications. The viscosity breakdown
to be expected of diester oils thickened with these polymers
would be.,expected to be smaller in instrument lubricants,

103, The dlesters investigsted were much less volatile than
petroleum oils of the same¢ viscosity grades and had viscosity-
temperature characteristics equal or superior to comparable
petroleum oils, Thereforna, 1t was considered possible to pre-
pare polymer thickened dicster oils with viscosity - tempera-
ture characteristics superior to polymer thickened petrolecum
0ils of the samc volatilities, In an effort to find polymers
for this purpose, the approximate solubilities of a number of
linear polymers in di-(2-ethylhexyl) sebacate were measuread,

104, The polymeric materials investigated included csllulose
esters and ethcrs, polyvinyl uslecohol, polyvinyl acetate and
polyvinyl acetal, cumarone - indene resins, polystyrene, poly=-
butene, and polyacrylic esters, The cellulose and polyvinyl-
type polymers were relatively insoluble in the diester, Only
low molecular weight polystyrenes and polybutenes were soluble -
and the solubility decreased rapidly with decrezsing tempcerature.
The cumarone-indene resins, though quite soluble, had molccular
weights too low to have an appreciable thickening effect unless
high concentrations were used, The polyacrylic esters (Rohm

and Haas Company F-10, HF-£45 and HF-830) were quite soluble in
this diester, The HF~2345 and HF-?80 M"Acryloids" have been much
used during the war as thickening agents and V.I, improvers for
hydraulic and recoil oils, e.g. specifications AN-VV-0-366b,
0.8,-2943 and AXS-80E, . ’

105, As the di-(2-ethylhexyl) ester of sebacic acid was at

the time the only diester of the aliphatic acid series available
in large quantity, it. was used as the solvent or base stock for
determining the thickeaing and V.I. improving effects of the
"heryloid" polymers, This was not a limitation since the thick-
ening action of the "Acryloids" on this diester should be of the
same order of magnitude as on the other aliphatic diesters revort-
ed here for they are confined to a rather narrow group of homo-
}ogues, However, it is known that the thickening effect will

e greater on the more fluid diesters and less on the diesters
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more viscous than dil-(2-ethylhexyl) sebacate., Also, differ-
ences in the solubilities of the acryloid polymers in the
various diesters may also exert an influence on the relative
thickening effects and V.,I., improvement.

106, The effect of the additien of 1,0, 3.0, 5.0, 10.0 .
and 20.0 per cent by weight of the "Acryloids" "HF-845", "HF=
880" and "F-10" on the viscosity and viscosity-temperature
characteristics of di-(2-ethylhexyl) sebacate are given in \
Table XVI. and shown graphically on Plates 5 to 6., It can be
seen from the table that of the three "Acryloids" investigated,
"peryloid HF-880" had the greatest thickening action and "HF-
845" the least, M"Acryloid HF-880" also gave the greatest im-
orovement in viscosity-temperature characteristics as evidenced
by the ircreased viscosity indices and the decreased ASTM Slopes.
Table XVI shows that the addition of 1,0 per cent of the "Acry-
loids" resulted in a solution with a higher V.,I, and a smaller
slope than the base stock. Increasing amounts of the acryloids
steadily decreased the V.I., of the solution. Upon the addition
of 20,0 per cent, the resulting solution had a lower V,I, than
the base stock or solvent, This apparent anomaly is due to the
peculiarity of the V.J. scale and deserves a brief dlscussion
here, ‘

107, A tabulation of the V,I.'s of some hypothetical ideal
oils, i.e, 0ils showing no changc in wviscosity with temperature,
may help understand this apparent anomaly.

Viscosity Centistokes V.1
Y18COos: t Volo
2.00 . 365,5
5¢00 , 299,8
7.50 229,1
10.00 208.,0
25.00 168,0
50,00 148,5
75,00 ‘ 140,8

The above table shows that the V.I. scale is no more suitable

for comparing oils of different viscosities than is the ASTM
Slope method.

108, At the higher concentrations of the "Acryloids" several
of the resulting solutions exhibited non-Newtonian behavior.
This has been observed in the polymer thickened petroleum base
hydraulic fluids and may be due to the orientation of the linear
Polymeric molecules with the direction of flow, resulting in

& decrease in viscosity with increased rates of shear, The
decrease in viscosity is some function of the number and length:
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of the polymeric molecules present and the rate of shear, It
is probable that the non-Newtonian behavior would have been
observed in the fluids of lower polymer concentnations and at
the higher temperatures if the rates of shear had been suffi-
ciently high, The graphs of Plates 5, 6 and 7 reveal that the
addition of the polymers to the base stock, di-(2-ethylhexyl)
gsebacate resulted in solutions whose graphs deviated from
linearity. The curvature is more apparent at the high temper-
atures and increases with increasing polymer concentrations,
The linearity of the graphs of the diesters on the ASTM chart
has been discussed in Part I, Section C of this report,

109, The thickening effects of the "Acryloids" .in the
di-(l-ethylpropyl) esters of azelalc and sebacic acid are also
givea in Table XVI, The addition of 3.3 welght per cent of
"peryloid HF-845" increased the viscositg of di-(l-ethylpropyl)
azelate from 6,66 e¢s, to 13,3 cs, at 100°F, This is greater
than the -viscosity of di-(z-ethylhexyl) sebacate (12,6 cs) at
100°F, yet at - 40CF, the former fluid had a viscosity of 226
cs as compared to 1410 c¢s., for the latter, The thickening
effects caused by the addition of 1.0, 2.0, 2,23 and 3,0 weight
per cent of "Acryloid HF-880" to di-(l-ethylpropyl) sebacate
are presented, These data demonstrate that the viscosity -
temperature characteristics are improved by increasing the
concentration of polymer and also that the fluids made by
thickening the less viscous diester, di-(l-ethylpropyl) sebacate,
had - better viscosity-temperature characteristics than polymer
thickened fluids made by thickening di-(2-ethylhexyl) sebacate.
This is in conformity with the predicted results,

110, Though fluids with better viscosity - temperature

. characteristics may be obtained by the addition of polymers to
the less viscous diesters, they are obtained at the price of .
increased volatility, The volatilities as determined by weight
losses with time of polymer thickened diesters were found to be
approximately the same as the base stocks or solvents, As the
diesters are much less volatile than petroleum oils of the same
viscosities the polymer thickened diesters offer a means of
breparing oils of superior viscosity - temperature characteris-
tics and materially reduced volatilities, :

(J) Foamin: Properties

111, This is a brief explanatory study of the foaming
tendsncies of representative members of the group of ali-

Phatic diesters, This is of interest because of the difficul-
ties that have been met in practice with other oils in hydraulic
equipment of many types of design,

1{20 The test apparatus used was in no way novel, consisting
01 afritted glass filter of medium porosity to which was sealed
a length of glass tubing to make a long column, The oil to
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be tested was placed in the column to a depth of 1 inch and ‘
clean alr was pussed upward through the filter and into the oil
at & rate of 166 nl/minute as messursd by a calibreoted flowmeter,
The air-flow 2t this rate was continued for five minutes, after
which it was cut off, The height of foam and the height of clear
liquid =t the end of the five-minute period and every ten seconds
thereefter until the free liouid surface appeared was recorded,
This enabled one to compsre not only the amount of foam produced
in & giv.n leagth of time under staandard conditions, but zlso
the rate 2t which the Toam broke when once foraed,

.2, Jo irrefutable evidence hes as yet boen reported in
literaturc in which a pure liquid has been found to foam,
28 been confirmed in the ceses of the pure diesters
exsmined., The above foaming tost was applied to the di-(2-
cthylhexyl) esters of adipic, azelaic, and sebacic acids. 1In
ench case ths bubbles of air formed at the filter rose quickly
through the ligquid without coalescing znd burst imnediately
upon reaching the surface, No hubbles rere found to be stable
for a pericd as long as a second,

it
he
né

[

114, In addition, tests were run on some of the diester

bese lubricents contaiiing various zdditives in order to deter-
mine the effects of thesc zdditives upon the foaming properties,
E-25c, E-25d, E-17b, E-332 (sec Fart III - Section A) were each
tried in the above monner znd were found to behave exactly like
the pure esters, In no csse was a steble foam formed, A s:zample
of di-(l-ethylpropyl) setazcate was tested with 2.23 per cent of
an acryloid cster polymer thickener to determine 1if this type

of polymer might not cause foaming., 'This =lso was found to

form no stable foam whatscever, ‘

119, Certain diester compositions have shown indications of
being an improvement oan N-28 Aircraft Instrument 0il, For
comprrison, = foszming test on the N-28 oil Sample L-6-44 prepared
by the ilellon Institute wes méde., In the same tube in which

the giesters rroduced no fosm, this light o1l produced =lmost

five iiches of foam requiring nsarly a minute to bresak completely,
This is nrobably to be expected from the diversity of materi-ls
ustd 1a moking this oil snd from the presence of the high mole-
cular - weight polystyrene used =8 a V.1, improver, :

116, Hence, tha diesters exemined, both - pure =nd compounded,
S:oved freedom from foaming tendencies superior to those of

Othur 0ils of equivelent viscosities, All thcse dicsters and
Qh-lubricating comrositions mrde from them which hsve heen tested
tqw fzr have produced no stsble foam. This 1s in agrecmeat with
9DK; work on other pure fluids, Othor 0oils, for which they may

¢ found to be useful substitutes, are known to form considersble
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foam under various test conditions, N

K. Water Solubility, Hydrolytic Stability, and Emulsifiability .

117, Some idea of the solubility of water in the diester

0oils is necessary to determine thelr range of applications, If |
an oil has a high water sqQlubility it is possible that the ;
dissolved water may rcact with,dissolve, or rprecipitate the addi-
tives that may have heen incorporated in the oil composition,
Also i1t has been observed at this Laboratory that it is much
more difficult to inhibit the rusting of steel with additive
oils having an zppreciable water solubility, .

113, The volumetric chemical mcthod of Karl Fischer (39)
for.the determination of water was selected beczuge of its sim-
plicity =nd wide renge of application, This method consists of
titrating the unknown with a methanol solution of ilodine, sulfyr
dioxide and pyridine to the appearanse of the brown color of
free iodine, Smith, Bryant and Mitchell (40) studied this
reaction and showed that the fundamental reaction occurred in
two distinet steps. ’

1) 3, + 802 v 3 Q5N 4 Hp0 ¢ 2 CGHGNHI 4 CoHzNSOy
(2)  CgHsNSO, « CH30H = CgHgNH.S50,CH,

Only the first equatio& iavolves water absorption, The deterio-
ration of the reagent with time was attributed to side reactions,
but these dld not caus: any decrease in the quantitative accuracy
of the results obtaincd when the peagent was standardized daily
agalnst a known water solution, ' o

119, Fischer pointed out that the eolorimetric end point could
ot be detected in the presence of dark colored substances and
suggested thezt an electrometric method might be developed,

Seversl electrometric methods (41, 42, 43, 44) have been reported
in the literature znd their developers state that these methods
glve sharper «nd more reproducible end points. than the colori-
metric method, ‘

120, Diesters saturated with water ot room temperature,
approximately 30°C, were prepasred by shaking 50 ml, of diester
with '25 ml, of distilled water., The ester-water mixtures were
centrifuged to separate any occluded or emulsified water and then
allowed to stand at room temperature for a day to approach equil-
lbrium, Duplicate samples of 10 to 15 grams of the clear super-
natant diester were taken and stored in clean,dry,glass-stoppered
flasks for titration.

121, The Fischer reragent was purchased from Eimer and Amend
and standarcized agalnst a methanol solution containing 1 mg. ,
of water per ml, of solution, As the diesters are not completely
Soluble in the reagent and separate into %o phases during titra-
tion they were dissvlved in methanol. Dry methanol was prepared
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by refluxing with magnesium and distilling according to the

method of Gilman and Blatt (45), This methanol was found to
contain a slight amount of water., To eliminate the necessity

of a blank determination the methanol was titrated with the Fischer
resgent to the appearance of the free iodine end point, Approx-
imately 25 ml, of this methanol was added to each sample of the,
diester and immediately titrated with the Fischer reagent, :

122, The results of th@ duplicate determinations on several.
of the typical diesters and diester oil compositions are given -
in Table XVII., Duplicate determinations agreed within % 0.1
percent, by wt, Two duplicate determinations were made on
different samples of di-(l-ethylpropyl) azelate on different days,
The spread in the water content obtained did not exceed I 0,1

per cent, The discrepancies observed in the duplicate deter-
ninations are attributed to two main causes, :

1., Reagent recacting with the moisture in the air and
adsorbed on surface of titration flask,

2. The difficulty of obtaining a saturated solution
and exeluding occluded water from the samples,

Very 1ittls difficulty was observed in obtaining the end point
since the diesters and solvent were colorless, WMore exact deter-
ninations could be obtained by the use of the titration flask and
assembly described in the literature (44),

123, The results show that thc solubillty of water in the
Alestors decrcases with lncereasing chain 1ength varying from
0,19 weight per cent for di-~(l-cthylpropyl) adipate to 0,06 for
the di-(2~ethylhexyl) azalate and sebacate, This was expected,
as the water solubilizing =ffrct of diester groups would decrease
as the hydrocarbon portion of the molecule increased, No differ-
ences In the water solubilities of the diester oil compositions
as compsred to the pure base diesters coild be detected. The
#ater solubilities of the diesters, though exceeding that of
analogous hydrocarbons, is quite low, approximately 0.1 per cent
or less for most of the diesters,

1L4 Thc hydrolytic stabilities of the diesters are of
Hﬁtrkst since this property governs or limits their sultablllty
as lubricants in applications where there is a possibility of
contamination by wster. The hydrolysis of carboxylic csters

is probably one of th-~ most videly studied of all chemical
reactions, It is a slow, reversible reaction whose equilibrium
conversion is reedily measured. Remick (46) has discussed and
summarized the conditions governing recctions of this kind end
the mechanisms by which they proceed, Hydrolytic rcactions
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. H
are catalyzed by both hydrogen and hydroxyl ions, the alkaline
hydrolysis of esters being generally a second order reaction
whereas the acid hydrolysis is a ternary reactlon between ester,
water, and catalyzing acid. oo

125, As the water solubilities of the diesters investigated
were 0.1 per cent or less, they would be ,expected to hydrolyze
very slowly since the concentration of water available for
reaction is very small, . The apparent hydrolysis rate would be
accelerated slightly by increasing the interfacial area where *
the two reactants of the heterogeneous systems come in contact.
If a solubilizing agent or mutuzl solvent for the water and
diester could be found, it is quite possible that it would
influence the rate of hydrolysis. With the above difficulties
in mind it was considered undesirable to ‘try to determine the
sbsolute rate of hydrolysis of the diesters, An empirical test
was used to determine the amount of hydrolysis taking place
under the test -conditions,

126, A 50 g. sample of diester and a 50 g, sample of water :
were placed in a 250 ml, flask and mixed to saturate the diester
with weter. After the emulsion separated, the flask was connected
to a water cooled condenser and the flask placed i a bath main-
tained at 2120F., #lkaline (pH 10), acid (pH 4) and freshly boiled
distilled water were used to hydrolyze each diester. The esters
investigatcd were di-(2-ethylhexyl) sebacate, the diester of a
primsry alcohol, end di-(l-ethylpropyl) azelata, the diester of

a secondary alcohol. A 5 g. sample. . of the o0il phase and a 5 ¢,
sample of the aqueous phase were removed in each experimeat and
titrated with 0,1 N KOH solution just before plscing the test
solution in the thermostat, and also after 24, 72, and 168hours
exposure to the test temperature,

127, The amount of potassium hydroxide consumed in the ,
titration, =s determined by the differences between the titrations
et the start and =zt the verious test intervals, was within experi-
mental error for ©ll samplcs and times involved. The greatest
difference observed was equivelent to & consumption of 0.05 mg.
of potassium hydroxide per gram of diester. As the theoretical
saponification numbers szre 262.9 and 341.6 respectively for the
di-(2-ethylhexyl) sebacete and di-(l-ethylpropyl) azelate, it is
gpparent th+t if cither of the diesters hydrolyze3i the amount of
hydrolysis wes iasignificant. No differences in the amount of
hydrolysis could te detected when boiled distilled, =lkaline, or
acld water was used., It is concluded thet these diesters sre
extremely stable hydrolytically and that no diffieculties due to
bydrolysis are likely to be observed when thesc diesters are used
@8 lubricants in ordinary lubricating systems even if small
amounts of water are present.
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128, No extensive scriss of emulsion tests wcre mede on

the diester oils, However, it was found in the course of the .
investigation that the pure diesters would not form stable emul-
gions with water, The rates of emulsion scparation were aprrox-
imately in the inverse order of their densities, The incorpora-
tion of 0.2 per cent by weight of the antioxidant, 4-tert-butyl,
2-phenylphenol, had no noticecable stabilizing actlon on the
emilsions formed,

129. When rust inhibited diesters were tested by the modified
turbine oil rust test (Secti.n H), it was observed that the )
dicster-in-water emulsions formed were stabilized by the rust
inhibitors to a degree depending on the inhibitor us=d, Thus the
emulsions with divelent salts of aryl stearie aclds were less =
stable than with petroleum sulfonates, When distilled water was
used, it required about 20 minutes for the etulsions to brazk
when the di-(2-ethylhexyl) sebacate contained aryl stearate in-
hibitors, For compsrison the emulsion of the non-rust-inhibited
0il broke in less than ten minutes, When synthetic sca wster

wus used approximetely 60 minutes were required for the inhibited
olls ns comparecd with ten minutes for the non-inhibited oil.

130, Several of the commercial lubricating oll compositions
recelved at thils Laboratory rers formuleted using di-(2-ethyl-
hexyl) sebacate as th: bassz stock, Those contalning alkaline
earth petroleum sulfonate rust inhibitors were observed to form
much more stable emulsions with water, 'Some of these ~mulsions
showed only slight separ:tion even after standing several days,
Therefore in applications where the rate of breaking of emulsions
is lmportant it is recommended that such a requirement be included

in specifications for diester oil compositions,

1114  DIESTER COLFOSITINNS FOR LOW TEMPFR/TURE INSTRUMENT_ )1LS

1313 It has been shown in Part II of this report that the
diesters have many properties desired in lubricants and some

not obtainable in any available oils, Other desirable properties
were ilmparted to the dilester oils by the incorporation of small
concentrations of suitable chemical additives. The preparation
and properties of low temperature instrument lubricating fluids
compounded of diesters and chemiecal additive agents and a deserip-
tion of some compositions of immediste naval interest are dis-
cussed below,

4y Non-Polymer~Thickened-0ils

132, A low temperasture instrument oil czpable of giving
S:tisfactory lubrication over a wide range of temperatures has
teen desired for nsval uses. Such an oil should have a viscosity
Of approximdtely 10 es. to 15 cs. at 100°F., Several of the pure
diesters discussed (Part II) were in this viscosity range, while
& larger nunber could be prepared from suitable mixtures of these
compounds, Some instrument oil compositions prepared with these
diesters as base stocks are listed in Table XVIII, For conven-
lence and brevity these diester oil compositions will be rsferred
to hereafter by the code designations listed in the first column
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of that Table,

1334 The requirements and characteristics desired of a
lubricant for naval fire control equipment have been outlined

in another report of this Laboratory (19), The secrvice re-
quirements of a lubricant for such instruments are exccptionally-
rigorous, Ia addition some aeronautical instrument o0ils have
requlred freezing or pour points varying from -65° to -20°F,

134, Viscosity ~ tempersture data on the diester oil com=-
positions are given in Teble XIX, It will be seen from a
comparison of this table and Table III that the addition of the
sntioxidant and up to 0,35 weight per cent of the rust inhibitor:
had only a negligible effect uron the viscosity, Incressing .
the concentration of the rust inhibitor thickened the oll, This
is particularly apparent for the E-25d serles oils containing
calcium di-(phenylstearate) as the rust inhibitor, The viscosity
of the oil was increased from 12,6 to 16,2 cs. by the addition

of 3 per cent of rust lahibitor, Also this inhibitor decrecsed
the V.I., (or increcased the viscosity slope). At -40CF the E-25d
series of oils containing 1 per cent or more of calcium di-{phe-
nylstearate) all exhiblted non-Newtonian behsavior and the %-25d

b

0il had anomalous viscosity propertics at O9F, It is probable 3.

that the other oils of this series will exhibit similar anomalous
viscoslty characteristics when invcstigated over a greater range
of sheer rates, The suhstitution of the magnesium for the cal-
cium aryl stearates as rust inhibitors (E-25h and E-25k series

of fluids) caused much smzller increascs in the viscosities znd
only small changes in the V.I., or slopes,

135. = It was observed that the megnesium and zinc soaps were
more readily soluble in the diester fluids than were the caleium
50aps, It is probable that the greater viscosity changes coused
by the calcium soaps were due to ths formation of colloidal solu-
tions and that the use of magnesium and zinc sozps resulted in

more nearly true solutions, therefore csusing smzller viscosity
changrs, ‘

136, The majority of the oil compositions investigated to date
had di-(2~ethylhexyl) scbacste as the base fluid, This was done
because that diester was resdily made avsilable in pure form by

2 suitable purificstion procsdure (14) applied to a commercial
grade. of the diester s0ld for use as a plasticlizer, Slightly

less viscous oils may be prepared from the di-(2-ethylhexyl)

esters of azelailc 2nd adiplce sclds as exemplificd by composi-

tions E-33a and EB-17b, The bsse fluid for compositions E-17a and "

E-17¢ was a bl-nd of the di-(2-ethylhexyl) esters of =zdipic and
Sehacic acids, Though the sebacic ester is the minor constituent
of the blend, the resulting composition had viscosity-tempsrsture
cheracteristics much superior to that of the di-(2-ethylhexyl)
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sdipate, the mejor constituent, and approachcd that of the '
asebacatec,

137. Low temperature storage tests of at least 96 hours
duration were made on all of the compositions, The E-25
compositions remained fluid with no evidence of crystals or
precipitates after storage at -65°F., There was some evidenace
that the higher concentrations of the rust inhibitors used
tended to depress the freezing points of the pure diesters so
that such 01l compositions had even lower freezing points. The
azela"e and adipate base oils E-33a and E-17b had lower freez-
ing points than the sebacates. These compositions were fluid
and no crystals or precipitates were observed after storage

for over 96 hours at -75°F, the lowest temperature investigated.
It is believed that these oils could be subjected to evea lower
temperatures without deleterious results since the base dissters
hzve freezing points below -100°F and -90°F respectively, 0ils
E-17a and E-17c¢ which are sebscate adipate blends also withstood
storage at ~75°F, Very low pour or freezing point oils can be
obtained by proper blending of the diesters of Table III, The
freezing points of blends of the di-(2-ethylhexyl) esters of
sebacic, azelaic, and adirpic acids hsve been previously given
(Part 11, Section B). The evaporation losses of the diester

0oil compositions described in Table A were practically identical

with thdose of the pure diecster base stocks and will not be dis-
cussed further, . '

137, .  The neutralization numbers of the base oils if properly
purified, (determined by Federal Specification Board Test 510,31
Method BS were very low, not exceeding 0.03, The addition of
the antioxidant had a negligible effect on the neutralization

able incresse, The ziné and magnesium soaps used as rust inhib-
itors caused a considerable increase, The zinc and magnesium
soaps used as rust inhibitors caused much greater increases in
the neutralization numbers *‘han did thr calcium soaps. This is
attributed to differences in the case of hydrolysis and/or re-
placement of the metal of the soap by the potassium of the KOH
used in the titration., It was very difficult for even the same
oprerator to get consistent results on the neutralization number
of oils having high concentration of hydrolyzable soaps. The
neutralization numbers of the oils containing zinc and magae-
sium soaps were.calculated assuming that the metal would be
replaced by potassium from the potassium hydroxide solution A
used in the titration. Within the limits of experimental error
and purity of . the soaps th~ observed and calculated values agreed
In the case of oils containing zine sosps., For oils containing
magnesium soaps the observed neutralization number was approx-
imately 80 to 8% per cent of the calculated value., Only from
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10 to 30 per cent hydrolysis or replacement by potassium was
observed in the olls having calcium soaps, Hence the neutra-
lization numbers of E-33a, E-254 and E-25d oils econtalning zinc,
magnesium, or calcium soarps of di-phenylsteiric acid in prac-
tically equimolal concentrations (4,6 X 10™% molal or 0,35 wt
per cent) were respectively 0.53, 0.46, and 0,06, while the

bsse flulds had neutralization numbers of 0,05, 0,03 and 0.02,

139, As some of the 21l compositions contzining 1 per cent
or more rust inhibitor had rather high neutralization numbers, -
it wes considered azdviscble to determine their corrosive action
il any. The Federal Specification Board copper strip corrosion
test at 2120F, Method 530,31, wss used, At the end of the three
hour test period the coupper test strips had a very slight browa
discoloration as comp red to a freshly polished copper strig,
The specimens were replaced in the oil and the test continued
for a total of 24 hours. Upon examiaatilioa it was observed that
the brown discoloration had incressed slightly but there was no
cvidence of any black or green discoloration which is considered.
indiective of corrosion, No differences could be detected in
the amount «f discoloration caused by the various soaps used.
There was some indication that the amount of discoloration
deereased with iacreasing sosp content,

140, The rust inhibiting properties of the diester o0il com-
positions described in Tuble XVIII were found to be the szme as
those of the pure dicsters to which had been zdded the same con- .
centration of the respective rust inkititors, Tt wus concluded that th
smzll amounts of antioxidshts used in theoil compositions did

not affect the efficiency of the rust inhibitors. Beczuso of :
the full discussion of rust inhibition trets in Part II, Section

Hy the results of the rust inhibition tests on the lubricant
compositions of Table XVIII will not be repeated here,

141, The diester o0il compositions of Tsble XVIII differ from
some of the oxidation stabilized diesters investigated in Part

II, Section G only by the addition of soap rust inhibitors. It is
kno'n thst metsls, and particulsfly some of the soluble metallic
s:1ts or M"sorps", exert an enormous influcnce on the rate =znd
possibly the course of the oxidation reations of petroleum and
veg=table oils, Thus it wes necessary to determine if the metal
Sorps us~d as rust inhibitors caused any significant acceleration
of the oxidestion of the diester o0il compositions of Table XVIII.

142, The bomb oxication test described in Part II, Section
G wag used first., The reosults of oxidstion in the presence of
mitols under such conditions (169 hours using an initial oxygen
Pressure of 125 psi st 212°F) of som:z E-25 oils contcining zine,
Ragnesium and calcium sorfps ore shown in Table ¥YX, None of the
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ails tested devilored precipitetes, or showed an approciable
etunge in viscoslty. The chsnge in the ncutralization number
wes less th'n 0,9 in all coses. However, as described in
rarngraph 133, Psrt IIL, it was ¢ifficult to get consistent
n.eults with the test due to the hydrolysis of the sosp or

the replucement of the motzl by potassium. The drop in »xygen
prrgsure was zero for the oils containing zinc and magnesium
soaps and never cxceedad 4 psl for E-25d series oils, Onaly
01l B-25c¢, containing the zinc soap, developed a slight green
enet vhileh was considercd indicstive of copper corrosion. RKo
evidence of checmical attaci or corrosion by these oils of any
of the met?l specimens was obscrved, O0f the other flulds ex-
amined the E~-25d serles oils darkencd in color somewhst while
the B-25h scries oils darkened ~ven less. Increasing the cel-
cium or megnesium sozp content of the oil had little 1f any effeet
on the oxidstion stability of the diester ns determined by this
test, : "

143, Hines the bomb oxicdation tosts indicated the magnesium
soap rust inhititors caused no significant changes other than a .
ncutrelization number risc of less thzn 0.9 in di-(2-ethylhexyl)
sebacate stabilized by 0.2 per cent 4-tert-butyl 2-phenylphenol.
Thy ealeium sosps shored » smgller arutr-lizetion number risc and
only a slight smount of oxid=tion., The zinc soaps, though csusing
negligible oxidation of the uvil and no discernible corrosion of
the iron and sluminum metal specimens, csused cnough copper cor-
rosion to develop & light gresa tinge in the oil,

144, . A dynamic type of oxidation test. zlso lasting 168 hours
w's applied’to these olls, In this test clean dry alr was used
to oxidize the oll., The oxid-tion eall —ss 2 cylindrical glsss
vessel 250 mm lony rnd 1% mm 1.D. with zround glass joint., An
air inlet tube wes cezled into the cell neasr the top and ran
gown th= side terminnting in an upturned tip 0,5 mm in diameter
at the bottom center.of the cell., The s<me motel cestalysts werec
aed £8 1n the bomb test. These were urrenged in the form of

2 triangle with the lonag cdges touching. A 25 zr-m szmple of
01l r~e chi~rged into the oxid-tinn cell which was then connccted
@)a mrtrr-coolad reflux condenser, The zssimbly fitted snugly
nto a2 hole in =2u electrically heated and thermostsztically con-
trolled duralumin btlock, cspabl- of maintaining the oil tempcr-
ature st 212 - 0,5°F, The air flow r-te wss 20 ml/min, Tae
effluent gnses from the oxidation cell and condenser =ssembly
"tre allowed to bubble into a known velume of stezndard slksli
iich was buck titrsted <t intervals to determine the amount of
Vlotile acids produced, »

L5, The evelustion of the oxidation ch-rscteristies of the
liester oils by such » tost was considered necesscry =g Dornte
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ct al (33, 34, 35) have ghown that the volatile resction products
mey influencé the course snd rate of the oxidetion restlon. The
wﬂ&xi]o-acid neutralization number or the nuvber of rng, of po~- .
tassium hydroxide required to neutrslize the vol:stlle aclds pro-
duced by one grom of oil during the oxidation test was also col-
calsted, The formation of considerable szmounts of volaztlle acids
is, bosides being @ criterion of the extent of oxidation, indi-
cative of the corrosion =nd rusting likely to be observed if such
ljubricents were to be in closcd or poorly —entllated systems,
The volatile or short chain orgsnie acids are the stronger acids,
and would be morc corrosive to metals.

140. The results obtained by this test procedure are listed
in Trble XXI., O0ils E-25c and E-33=, esch of which contained ¢
zine soap, turned green during the oxidation test indicating that
the oxidized oil wrs corrosive to copper, The copper .specimen
in 01l E=33a w<s slightly corroded but there wrs no visible
evidence of corrosion on the other metal specimens, The changes
in neutralization number, viscosity, and the amounts of volatile,
acidic products formed are not considered excessive, The oils
confdinlng calcium and magnesium soaps gave no evidence of corro-
sive action on any of the metals, nor was there any green color in
the o1l after oxidation., The E-2%d series oils (containing cel-
cium soaps) darkened slightly during oxidation. The E-25H series
0ils (containing magnesium sosps) showed little if any change in
color during the oxidetion test, The viscosity changes were not
significant, The decreases iq neutrslization numbers observed
after oxidation of E- 25dy and B-25d, oils are attributed to the
difficulties of obtdlning reproduCLﬁle titration results with
sosp type additives. The amount of volatile acids produced was
significantly decreased by raising the concentrztion of soap
in the 0il, The o0ils cont alnlng the magnesium soaps produced

smaller amounts of volatile acids than those containing calcium
SOC pS [

147, The results of the dynamic oxidation tests sre in agree-
ment with those of the steztic tests, Therefore, the volatile
oxidation products do 1ot radiczlly affect the oxid:z=tion reation,
The chanres in pronerties observed on oxidation indicate thst

the magnesium soszps had, at most, only a slight accelerative effect
on the oxidutive breakdown of the inhibited diester oils, while
the celecium soaps had a somewhat more pronounced action, 0Jils
conteining zinc soafse formed products corrosive to copper during
xidatioa, In faet, a compzarison of tho oxidative stabilities

of the diester lubricating oils listed in Tables XX and XXI, and
probably those listed in Tsble XVIII, reveasls them to be equal

ar superior to the petroleum instrument oils whose properties hsve
heen examined and discussed by tais Leboratory elsewherc. (19).

148, These dizster instrument 0ils were found markedly super-
lor to the conventional petroleum instrument oils as regs :rds non-
volrtility and viscosity-temperature chiracteristics, Thc in-
erorat&on of the entioxidant and small amounts (aprroximately
0,35 psrr cent) of sosp tytre rust inhibitors hed a negligible
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effect upon the viscosity and viscosity-~temperature character- -
istics of the lubricants, Increasing the concentration of rust,
inhibitors thickened the oils, the calcium soap having a much
greater effect than the magnesium soaps. The low temperature
storage stability was satisfactory as low as -65°F, for di-
(2-ethylhexyl) sebacate, and -75°F or lower for corresponding
adipate and azelate compositions, and for the di-(2-ethylhexyl)
adipate-sebacate blend., Good rust inhibition properties were .
imparted to diester oils by the addition of suitabl: soap type
additives. The use of zinc or magnesium soap rust inhibitors
caused a large increase in the neutralization number, This was
attributed to hydrolysis and formation of the potassium soap,
The calecium soap rust inhibitors caused a much smaller increase
in neutralization number., Though some of the diester oil com-
positions had an apparent high acldity as indicated by their
neutralization numbers, none were fcund to be corrosive to
copper as evidenced by the absence of black or green colorations
after immersion of a copper specimen in the oil for 24 hours

at 2129F, The stabilities of the diesters were adversely affect-
ed by the zinc soap rust inhibitors and the oils developed a
slight green discoloration indicative of copper corrosion after
oxidation in contact with copper metal. The magnesium soap rust
inhibitors when present in concentrations up to 3 per cent caused
no corrosion of metals and no noticeable increase in the oxida-
tion rate., The calcium soaps only slightly increased the amount
of oxidation, The oxidation stabilities of the diester oil

compositions wers egual tu, or superior to, those of all the petro-

leum instrument oils investigated,

149, For the formulatioa of non-polymer-thickened, non-vola-’
tile, instrument oils having freezing points below —7%0F, the
compositions recommended consist of a base fluid of: (a) 20 per
cent of di-(2-ethylhexyl) azelate mixed with 80 per cent of di-
(2-etnylhexyl) sebacate, or (b) 40 per cent di-(2-ethylhexyl)
adipate mixed with €0 per cent di-(2-ethylhexyl) sebacate,

or (e) pure di-(2-ethglhexy1) azelate, If the freezing point
need not be below -60°F, the di-(2-ethylhexyl) sebacate alone

is a satisfactory base fluil, To any one of the above fluids

0.2 par cent by weight of an antioxidant such as 4-tert-butyl
2-phenylphenol, o~cyclohexylphenol, p-tert-amylphenol should be
added, For rust prevention, concentrations of 0.25 to 2 per cent
by weight of the calcium salt of an arylstearic acid are re-
commended, the concentration required being higher the more ex-
treme the conditions of exposure, Satisfactory arylstearic

acids are phenylstearic, xylylstearic, xenylstearic and dodecyl-
. bhenyl-stearie acids.
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B. Pulymer-Thickened 0Oils

150, Many noval applicstions require lubricants with the .
lowest obtainable viscosity-temper-ture coefficients, This is
particularly true of zeronsutical applic-tions where the opera-
ting temperature range is wide and lubricants having pour or
freezing poiats 2s low as -80°F are rcquired. The freezing
points of many of the dicsters investigated meeting or exceeding
this requirement arc given in Table 11 and pzragraph 19, In
Section I, Part II of this report the properties of some
"Acryloid" thickened diesters are summsrized and generalizations
made as to the properties of other thickened diesters,

151, Tne compositions of two experimental polymer-thickened
0oils E-21b and E-222 using di-(l-ethylpropyl) azelate and
di-(1~ethylpropyl) sebacate respectively are given in Table XVIII.
Thelr viscosity vs, temperature chuarscteristics over the temper-
ature range of 2100F to -60°F are tabulated in Table XIX. The
Bureau of Aeronsutics is using for a low tempersture instrument
0il a syathetic lubricant developed at the Mellon Institute

and denoted by them as N-2€ o0il, The viscosity requirements

for tiis 0il are listed below:

Tempercture Kinematic visc.. cS,

1000F | 13,5 minimum
32 50,0 maximum
-40 ~ 900 "
=60 2600 "
152, A comparison with the viscosity-temparature character-

istics of 0il E-21b revemrl that the diester fluid meets or is
below the specification viscosity requirements at all tempera-
tures except 32°F where it is slightly more viscous. A com=
parison of the viscosity-temperature graphs on the ASTM chart
reveals that the N-28 0il curves upward more rapidly at sub-
zero temperatures than E-21b oil, The E-21b o0il has a slightly
less favorable viscosity coefficient than the N-28 o0il in temp-

erature range 130 to O°F but is considerably better at the sub-
zero temperatures,

153, 0il E-22a is somewhat more viscous than the N-28
specification oil at all temperatures., However, a somewhat less
concentrated polymer thickened solution of di-(l-ethylpropyl)
sebacate has been described in Table XVI, A comparison of this
diester base fluid with oil E-21b reveals that the latter has
the better viscosity-temperature characteristics. This is in
agreement with the generalization of Section L, Part 11 that

the thickening of oils, to some reference viscosity, results

in better
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viscosity-temperature coefficients, the less viscous the base
fluids, Therefore the polymer thickehed di-(l-ethylpropyl)
adipate would be expected to have a lower ASTM viscosity slope .
(or a higher VI) than the corresponding azelate or sebacate

base oils. The use of less viscous diesters as base fluids
would result in oils with even loWwer slopes,

154, The price exacted for decreuasing the viscosity slope
by the use of less viscous base stocks is increased volatility.
The evaporation loss after 168 hours at 150°F by the test des-
cribed 1n Secticn F, Part II1 was approximately 0,7 weight per
cent for E-21b and E-22a, This is greater than the ovaporation
losses of the pure diesters which were 0,4 and 0,2 weight per
cent respectively for the azelate and sebacate, This increased
volatility of the two diester compositions is attributed to the
incomplete removal of the toluene solvent in which solution

the polymer was prepared, The increase in viscosity after
evaporation vras 1.5 per cent when determined at 1009F, These
oils are much supcrior to polymer thickencd petroleum oils of
comparable viscosity and V.I., as regards cvaporation and
constancy of viscosity. -

155. Both 01l compositions E-21b and E-22a were clear, free
fromec%oud or precipitates, and pceured after 96 hours storage
at - ‘O F.

156, The rust inhibition properties of thesc oils were
determined by the static water drop test. Both 0ils completely
inhibited the rusting action of distilled water at 140°F for
the test period of 158 hours, When tested with synthetic sea
water at 1000F the oils had rust ratinss of 1 and 14 after

24 hours and 3 and 4 after 16€ hours, This is not quite so
good as the results obtained with the same concentration of
rust inhibitor dissolved in the pure diester, Therefore the
"Acryloid" polymer used interfered slightly with the action of
the soap rust inhibitor, Similar behavior of "Acryloid" thick-
ened olls has been noted by this Laboratory in other diester
fluids as well as in petroleum base oils,

157, The oxidation stability of 0il E-22a was investigated
using the dynami-c test described in part III, Section A. The
results of this test summarized in Table XXI reveal that the
nettralization namber increased from 0,06 to 0,68, No corrosion
of the metals and no formation of corrosive products was observed,
The only cha:gc in the appearance of the o0il after oxidation was
a slight deepening of the pale yellow color, No change in vis-
cosity as a result of the oxidation test was observed, It is
concluded that the "Acryloid" polymer hss little or no deleterious
offect on the oxidation stability of this dicster oil, The oxi-
dation stability of this oil was found markedly superior to that
of the N-28 .
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0il and comparecs very favor:ibly with the stability of the best
petroleum b=sc oils (19), Althnugh no oridntion tests have yet
bcen made on oil E-21b, from its simil<r composition it would

e expeeted to be g stohls ss the B-22a oil,

159, Two polymer-thickened, high V.I., low pour poiant oils
have been developed using diester brsc flulds 2nd addition sgents
discusscd in Pxrt II., One of them has been shown to bc superior
to the N-28 instrumcnt oil developed by the Mellon Institute in.
viscosity-temper ture chsractcristics, non-volstility, rust
inhibition, oxidztion statility, =nd freedom from corrosiveness,
It has equally satisfactory low oloud and pour poiats,

1v, OTUER ATPLIC/TION3 OF DIESTIZR OIL COMPOCITIONS TO LITBRICATION

159. The non-volatility, excellecat oxidntion stability, low
freczing points -nd good V.I. characteristics of the dicst:r
instrument oil compositions discussed in Part III, Sections A
snd B, suggest thce use of diester base l.bricants for other
n=val appllic:tions, Applicctions need not he raestricted to the
viscogity gredes investigated vnre, Diesters of other viscosity
gredas could b prerared by tleading or syathesis if the neoed is
indicated, The properties of such blends, and of new synthetic
dlesters, could be predictced with e fair degree of szsccuracy from
the: constaats of the pure diesters discusscd in Part I,

160, It should be pointed out herc that the viscosity grade
of pctroleum basec oils recommcnded for many instrument applica-
tlons 'is not neceesserily bascd on the viscosity recuirements of
the instrument, Frequently an oil of highor viscosity is re-
commended bccause of vulatility and oxidstion stability consider-
ations, Not only do the volztilities of pstroleum fractions
decerease with incre:sing viscosity but slso the oxidation stabili-
ties arce improved trcause of the trrensition to more stable hydro-
carbon types or configurations »nd the prescnce of nsturally
ocecurring n~ntioxidents. Therefore, the dizsters investigated
here having viscosities b-low 10 ccatistokss =t 1009F should be
glven considcration cs lubricsnts for sensitive mechanisms where
sms1l chang.s in tor.ue have serious effects on the scnsitivity
of the instrumcnt.

161, For hewvier duty applicrtions vhere oils are desircd
having viscosities st LO0PF of from 20 to 50 cs. thc dicsters of
the brenched chein undeeyl, tetradecyl and heptadecyl alcohols

frc available, Intermndizte viscosity grades may be prepzred by
lrnding those —ith 1.ss viscous diestcrs. The more viscous
dicsters eould be used -dvantageously =s b se stocks for lubri-
cants suilt-ble for usn in oil-lubriceted gear trerins, pirticulzrly
for low temperature applicstions, It is =lso cuite possible that
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many extreme pressure additives csn be successfully incorporated
in the diecstcr bise stocks,

162, An obvious epplication of the branched-choin diesters
iz to the lubrication of refrigeration machin ry, It is possible
that some refrigerints such zs smmonis and sulfur dioxide may
re~ct with the dissters csusing this spplication to be rcstricted
to refrigeration mochinery opcrating with the more stable "Freons"
on¢ carbon diloxide,

163, As the dicsters have higher flash points and spontaneous
ignition temperztures and require higher concentrations of oxygen
for the formation of explosive mixtures than petroleum products
of simil~r viscosity grades, their usc a2s lubricatns for eir
ecompressors is suggested., The dsnger of explosions in this type
of cquipment should therefore be moterislly reduced, The more
viscous dlesters would b~ required for such npplicutions,

164, Thr: so-called "spindle oils" of the textlile industry are
low viscosity (approxim-tecly 12 e¢s. ¢t 100°T) practically weter-
white oils, The purc dicsters sr- watcer white =zad have the <d-
vontage over petrolcum oils in that they are relatively non-
voletile,

165, There is also muc™ promise in the use of diester fluilds

as crankcase olls for internal combustion engines in Arctic cli-
mates and at "igh altitudes. Polymer thickened diester oils would
be especilally valuable because of their low viscosity at sub-zero
starting temperstures and noun-volatility and stability at the high-
er operatinz temperatures, The diesters of tetradecyl and hepta-
decyl alcohols fall in the SAE 10 viscosity classification and
their viscositlies only slightly exceed the recuirements of an

SLE 10W oil, The di-undecyl adipate is less viscous than an SAE

10 0il., It is estimated thst 3 per cent of "Acryloid HF-E80"

would thicken this diester to aa 3AE 10 oll having a viscosity

of arproximastely 20 cs., (106 8,U,S.) at 130°F and 1000 cs, (4600
5.U.8.) at O°F, Such an 0il hss a better viscosity at OOF than

an AR 10" »il, Tven smaller percentages of this polymer (approxi-
mately 1 per cent) would be reguired to thicken the tetradecyl

and heptadecyl diesters to SAE 20 oils whosc OOF viscosities are
within the vequirements of SAiE 20" oils, In short, the higher
diesters are comparahle to winter grade petroleum oils but are
superior in that they have higher tlash points, lower evap-
oration rates ‘and lower pour points. Furthermore, the use of
poelymer thickened ciesters of undecyl 2lcchols results in fluids
suerior to petroleum winter grade oils, having higher flash
points, lower volatilities, lower pour points, higher V,I.'S

and possibly bettrr oxidation stakilities,




166, Excecllent hydraalic and racoil olls heving very good
V.I.'s and low pour points could to prepared from dlester base
fluids., Hydraulic ovils with very 2igh V.1.'s could be prepared
meeting the viscosity requirements o" th~ specification AN-VV- .
0-366b and 0,8, 2943 by the addition ol polymer thickeners, ,
Approximately 5 por cent of "Acryloid HF-7E0" would be recuired
to thicken the di-(3=mzthylbutyl) adipste to the viscosity re-
quircments of the specification AN-VV-0-366b, Approximately .
10 prr ceont of this polymer would be required to thicken di-(3-°
methylbutyl) adipate to 0.8, 2943 viscosity requirements, More
viscous dicsters could be uscd as base stocks for the preparation
of 0.8, 1113 0ils, Approximately 5 per cent of "Acryloid HF-880"
would bs reguired to thicken di-(2-ethylhexyl) sebacate to the
viscosity requirements of 0.8, 1113, The polymer-thickened,
divster bhase, hydraulic fluids would ke much less volatile than
the corresponding petroleum base oils, and hence the prescnt
tickiness problem would be msterially alleviated., It is import-
gat to notc that the dicster base hydraulic o5ils would necessitate
a chango from the present packinzs and gasict materials because
they causc swellineg of many of the type rubbers now in use,

167, It was realized thet diesters were of promise in the
development of low volatility, steble, low tempcrature greascs,
fumerous syathctic, diester base grezses have been developed by
this Laboratory aad wlll be doscribed in a raport to ko submitted
this fall.,

168. Non-lubricatinz applications of the diestrr oil compo~
sitions Include their use as damping flulds, Their low volatil-
itiee, cven at high temperaturecs, makcs ta~m 1lcdecally suited for
this usc, An examrle 1s th: usc of di-(2~cthylhexyl) sebacate
as a base for high viscosity polymer additive damping oils which
has rsen fully discuss~d by Feuske et al (4),

169, Hick an ¢t al (1, 2, 3) have discusscd and patented
scveral of the dicstrrs included in this investigetion as vacuum
and diffusion pump olls, Many of the other diesters described
here deserve consideration for such usns. The incorporation in
such vacuum pump ©ils of small amounts of any one or combinations
of the: antiosxidants described in Part II, Scction G might imgprove
their ~fficirney and incrcasce the service life, :

170, The abtove discussion of possible naval usecs of thz dlester
bage 0ils was msd:s without reference to coansiderations of availa-
bility or cost, It is guitc possible that the advantagrs o be
grined by the usc of Alestcr lubricants will ke outweighed hy

the grrater availability and lower cost of corresponding patrol-
um products,  Honevar, for certain military applications chasa
conielderstions may Lo ol secondary importance, while foi others
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the prrformance gain with the dicster lubricants may b~ such as
to eliminstc the consideration of relative availability and cost.

v, PRODUCTION AND SPRCIFICATION OF DIESTER LUBRICANTS

171, One limitation to large scale applications of diester
lubricating oils is thrir cost, Potcntially available in the
United States is & supply roughly cstimated to be betmeen 250,000
and 1,000,000 gallons of diester oll prr yecar, This amount should
not snrlousl" limit other commercial uses of the requested acids
and alcohols provided the demend is not built up too —apidly

172, Di~ster oils could be wade chesper by omlttlng unnessary
purification of the alcohols and acids employed in the synthesis,
Thus mixed dibasic zcids could be used instead of a pure asid
Also mixtures of isomoeric aslcohols or anarrow distillation cuts®
could be uscd for many applications, For some uses the addition
7 srlected petrolcum frections may have a2dvantages with respect
to lower cost zsnd improvement in compatability with certain
commercially aveileble addition amcnts, Ia some applicztions
small initial concentrations o volatiles such zs unreacted
alcohols will not be dntrimental, Hor~ver, in making or using
cheaprned dicsters certsin rrecsutions will be advisablce, The
presence of volstile impuritics suech as thn unreacted alcohols
w111 cause only a temporary lowcring of the frecezing poiat :nd
pour point, and =ddition sgcnus initially ia true solution may
cvrntuslly form a cloud or even preclpitate s the volatilzs
disrppoar.

173, Specificrtions ‘requiring or p-rmitting the use of diester
lubricants should includce a2 freezing point rathcer than a pour

point test, & copper strip corrosio test on the basc stock or
preferably on the finished lubricent, and a hydrolysis test for
adulteration with less stable esters such as monoesters, A maximum
cvaporation requircment and test is recommended ag & choek on the
manufacture of 13 que lity di-ster lubricant, For some uses z mini-
num q"poﬂiflCntlon number requirrment is dosirable for identifica-
tion purgoses or prevention of adulteration with petroleum or other
lon-saponifiable meterials, If nocessary, dicster base stocks can
bi. obtain2d cssentlslly water-white while finished inhibited oils:
hrving 2 color no cerker then No, 1 ASTM can be prepared, It has
heon shown here thst purc dlesters do not form stable emulsions
7lth water., Somc- addition 2zents, pzrticulsrly ccrtain common

rust inhibitors, cause gre-tily increased emulsion stability,

Wy ever, good demulsifizbility charactrristics con be required of
inhibited diester oils, 2nd such a requirement will ercluds only
some but aot 2ll s:ztisfactory addition agents, Any of the common
xidation tests con he used in specifying the oxidation stabhility:
o' diester oils, :
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VI, CONCLUZIONS AND “ECOMMEINDLTIONS

174. A wid. voriety of brenched-chain alipustic dicsters ,
heve been gtidicd end hsve Lteen shown to bo admirably suited to:
shrve as brsc stocks for the development of numerous synthetic -
lubricating oils. The relation of organic structure to physical
properties such as fre«zing point, volatility, viscosity, and V.I.
have hocv studind »nd somc rules of value have been obtained,
Dicsters have been found which have high V.I.'s and very low
freezing pointe and evaporation retes, Esprcisally recommended

for instrum:nt oil bzses zre the dicsters m-de by reacting adipic,
1zclaie, or sebz2cic aclds with branched-chain alecohols such s
2~-thylhexyl and l-cthylpropyl alcohols, For uses requiring oils
of higher viscosities the dilesters made from the same aclids and
the braached-ch=in undecyl, tetrsdceyl and hcoptadecyl sleohols

are recommonded. A number of singlc dicsters and mixtures of
diesters suitasblc for ianstrument oil bascs have been found having
freczing points below -75°F and exceedingly low evaporation rates,

175, Efficient znti-oxidants, rust preveative zdditives,
polymor thickeners s#nd V,1. improvecrs have becen found for use in
the development 2nd improvement of dicster lubricating oils for

g wide range of -<pplin«tions, 4 number of physical and chamical
propaertics of dlecsters Jf importance in lubrication have been
studird in thc absence snd in the presence of =2ddition agents,
These include hydrolytic sts«bility, solubility for water, emulsi-
fizbility, specific gravity, theremal expension, foaming, volatil-
ity and iaflammability., A numbsr of ilnstrument oils have been
developed of mediam or high viscosity index, of remarkably low
voletility, sad heving freazing points ronging from -60 to bslow
-100°F, Goo¢ oxidstion stabilitice, lom foaming tendenciles,
satisfactory demulsibility -nd good rust inhibition propcrties
hrve been obtnincd., Thess oils are recommsnded for use in instru-
ments in storage or in service,

176, Possiblc uses of those or relsted diester oils have
been discusscd »nd it hgs been concluded that certsin ones are

espeeinlly suited for general instrument use, Laboratory prepsra-
tivns of thosc oils heve alresdy boen tosted by naval or cooperat-
ing industriszl =sctivitics in clocks, moters, controller mechanisms,
gyroscopes, cracras, gan sad bomb sighits, synchronous motors, aad
fuge mechaniesms, Others sre nov recommendnd for future tcsts in
01l grar trains, particularly for low tcmperature applicstions,

-nd refrigerator mschinery und as cir compressor lubricants,
spindle oilsgnd +inter grade lubricating oils in internsl combuse
vlon engines, They also are recommended for use as hydrsulic

MY recoil oils (in systems provided with suiteble packings)
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Although less flammoble than present petroleum hydraulic oils

the diester fluids like prtrolcoums are not sufficiently resis--
tent to i.ccadicry fire (22), Dicster fluids src also recommend-
ed for use in the formulstion of non-volaotile low tempersturc

low torauc graascs for demping fluilds, ~ad for vacuum and
diffusion pump oils, It ie belicved the appliecctions tests
rceommended will result in improvements in navzl lubrication
practice in such equ .pment,

177, Considerations hove been advenc d reletive to the
avallebls supply of di~ster oils end methods of drcreasing
thcir coste. Specification problems hsve been digcussed and
recommendations heve boen mode,
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Comparison of Viscositics of

TiBLE_I

Iz

Lliphotic Dirsters ond Hormal Paraffia

on. ey

Diegtar

Visc,

N e
.)4.,', SR

T ztoms

Visc, &8,
es. Chain length t 7798, for
at 77°F, for Numb.r of

. Hydro-
Carbon

Hydrocarbon

Jicthyl oxalate
vlethyl

3

suhl

rlety 1
detl vl
piet!}l
letiyl
iathyl

Ciotbyl

ma2lonate

1.63
1.79

succelnate, 2,32
glutarate: 2,49

<dipate

nimelate
suberate
szclate

schoeoate

2,74

P 3.30
4,06

5,28

&

9

10

. 11
; 12
; 13
‘ 14
15

; 16

0,72
0492
1.15

-0

L J -
O M IO~J
(82T )XW ; AV0 L Ne N

n-octane
n-nonnane
n-doecane

n-undeenns
n-dndacane
n-tridccan.
n-tetradoo::

n-rentad.ca
n-hexadecae
(catann)

o ST

R



TLBLE II

Diesters Studied, Their Molecular Weights
and Freezing Poiats

et st e

. Molecular Freezing point* _ -
Digster Lwelght . ©C oF ;
Fighalatos f | |
Dlethyl phthalate 0 222,23 ! below -3# : -27 . :
Methyl phthalyl ethyl glycolatel 266,29 | " _35  below ~31 |
Ethyl phthalyl ethyl glycolute - 281,27 | + 20 4 68 f
Dibutyl phthalate F 278,34 ¢ =35# . =31
Batyl phthalyl butyl glycolate 336.37 ' below -35 ' below =31
Di-(2-ethylhexy1) rhthalate © 390,54 f " =551 n. -7
sdipates f !
Die(1- mrthylethyl) 230,30 ;2 36
Di-(l-ethylprouyl) . 286,40 below -78 | below -108
Diw=(3- m\thylbutyl) 286,40 -46 -51
Di=(1,3-dimethylbutyl) ' 314,45 4 39
Di= (2~uthy1butyl) 314,45 -26 -15
Di-(2~- Gthylhoxyl) 370,56 -68 -90
Di«(2-(2-ctnyikitoxy) ethyl) - 402,56 -62 -80
Di- (undccyi)(i) - 454,70 g%ass at below =76
-60
Di-&ctradecyl)(Q) 538,86 géass at below =76
N f - O N
Di-(heptadecyl) (3) 623,02 g%ass at  below -76
‘ -60 .
Di-(2=(2=-butoxyethoxy( etkyl) 434,54 -17 + 1
szeletes . :
Di-(l-cthylpropyl) 328,48 below -78  below -108
- Di-(3-methylbutyl) » 328,48 -37 -35
Di-(2-ethylbutyl) i 356,52 -45 -49
Di-(2-cthylh.xyl) 432,64 - below -78 ' Etelow -108
Di(2-butoxyecthyl) 388,73 ~-17 + 1
Scoacv»es . X .
Di-(I-methylethyl) 1 286,40 ¢ 3 + 37 =
Di-(l-ethylpropyl) 342,50 below -78 bnlow -108
Di-(butyl) ' 314,45 + 14 57
Di-(3-methylbutyl) 342,50 ~-10 +14 ,
Di-(1,3~dimethylbutyl) . 370,56 -25 o =13 !
Di- (22 ethylbutyl) . 370.56 -22 .=8 |
Di-(2-ethylhexyl) . 426,66 -55 -67 '
Di~(2-(2-ethylbutoxy) cthyl) P 458,66 -15 + 50 i
Di-(tetradecyl) (2) i 594,94 g%ass at bzlow =76 |
' -60 :
‘ I

S3TLICTED



Legends

TLTRICTED

S ¥

et N s

T/BLE II (continned)

uadeeyl or (l-mcthyl - 4-ethyloctyl)

tetradecyl or (1-(2-methylpropyl) - 4- ethyloctyl)
heptadecyl or (1-(3-ethylamyl) - 4—ethylocty1)
extracted from NRL Rerort 2573 (14)

manufacturers data
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TABLE IV

Effect of Chain Length and Branching on the Viscosity
of Aliphatic Diesters

Chain o
Length Visc, cs. at tOF:

C ompound No, atoms| 230 {100 ;0O =40 V.1,
Di-(1l=-ethylpropyl): |

Adipate 14 1.56 1 4,58 40,3 |295 98

Azelate 17 2,10 | 6,66 168481429 [126

Sebacate i 18 | 2,28|7,38,80 504 [133
Di-(3~methylbutyl) |

Adipate L 16 1.73 | 4,94 |36.81171 1125

Azelate r 19 2429 | 7.03 ; 58,5286 153

Sebacate 20 [2.51)7.95 [ 71.4-- 158
D1~ (1,?-dimethylbuty1) i

Adipate 16 1.79 | 5.64 167,9.623 | 96

Sehacate , 20 2.80 10,3 3154 ;1510 ‘132

. H {

Di-(2-¢thylbutyl) | b ;

Adipate § 16 1 1,89 1 5,68 | 51 ;297 123

Azelate .19 2,51 8,17 183.0!500 1149

Sebacate i 20 24731 9.05 (97.8;-- {158
Di-(2-ethylhexyl) | 3 i
Adipate .20 2,38 18,22 107 807 121
1 Azelate 23 3,06 11,4 . 156 ;1190 1146
' Sebacate . 24 3.32 i 12,6 ; 187 1410 {154
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TLBLE V

Effcet of Branching on Viscosity

C.ain length Visc, cS, at OF LETH

Compound - No. of stoms 210 100 O V.1,8lope
Di-(uncecyl) adipate (1) 24 3.6 16,9 508 111 0,77
Di-(tetradecyl) adipate (2) 24 5.7 140,95 3000 £6 0,77
Di~-(heptadecyl) adipate (3) 24 6.8

é47'3z2630-107 0.71.

(1) Undecyl is (l-methyl, 4-ethyloctyl)
(2) tetradeeyl is (1-(2-methylpropyl), 4-othyloctyl)
(3) hepteodeeyl is (1-(3~cthylamyl), 4-cthyloctyl)

Ti:BLE VI

Effect of Position of Ester Groups on Viscosity and
Freczing Point

Chain  Freeg-

: length | Viscosity (cs.)oF ASTM  ing

Compound No. atoms! 210 100 32 O _ -V.I.slope pt, OF
I ‘ | : N o , x
P1-(3-mcthylbutyl) : 16 :1.73i4.94i16.0:36.&5125 0.76  -51 '
#dipcte ; ; ! : : ; , . S
Di-{l-methylethyl) 16 P1,7414,9016,2i37,6:125 .76 +39 - :
sehroate ‘ f x ! i ' ; i
. | ! !
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TABLE VII

Comparison of Bciling Points of Di-ethyl Estors with
those oi the Normal Hydrocarbons of same Chain Length

Thiling Point OC

1 Normal streight )

__._CHain length e ain Hydroearbo ! iester
I , 4_ ain iydrocarbon _ |

8 i 125 185
9 : 151 19C
10 ' 174 21%
11 , 196 237
12 ; 216 240
13 236 253
i (74% mm)
14 ; 254 : 285
16 286 i 308
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TABLE X

Densities and Specific Grovities of the Diesters

; ; Specific
© 4+ Density Gravity
Identification | _25/4°€C, 60/60°F, _.

Bhthalotes |
Dicthyl phthalate - 1,114 - 1.121
Methyl phathalyl ethyl glycol(to 1,216 1,223
Dibutyl phthalate - 1,043 .1,050
Ethyl phthalyl ethyl glycolate 1.179 1.185
Butyl phthalyl butyl glycolnte 1.095 ; 1.102
Di-(2-ethylhcxyl) phthalate 0,961 0.987
ACipzles
Di-(1-methylethyl) 0.959 0,965
Di-(l-zthylpropyl) 0.935 0.942
Di-(3~mothylbutyl) 0,940 C.947
Di(1,3 dimethylbutyl) 0.919 0,926
Di(?--thylbutyl) - 0,940 0,947
Di(2-ethylhexyl) 0.922 | 0.929
Di(2-(2~-zthylbutoxy),ecthyl) 0.921 ! 0,928
Dl(undﬁcyl)(l) "~ 0,904 i 0.911
é.Z.szlatgé i

I
Di(l~ethylpropyl) . 0.933 ; 0.940
Di(2-ethylbutyl) . 0.928 i 0.935
Di(2-sthylhexyl) . 0.91% ‘ 0.922
Di(2-butoxyethyl) - 0,972 i 0.979
Sebacates | j
Di{l-methylethyl) 0,931 | 0. 938 f
Di(1l-¢thylpropyl) 0,922 0.929 |
Dibutyl 0.932 |  0.939 |
Di(3-metnylbutyl) 0.921 i €.928 j
Di(1l,3~dinethylbutyl) 0,910 ‘ 0,917 '
D1(2 ethylhexyl) C.912 ! 0,919 ;
Di(2-(2-ethylbutoxy)ethyl) 0.951 0.958 i

(1) undecyl or l-methyl, 4 ethyloctyl)
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| TABLE XIII
Modified Turbine Rust Test at 140°F,

Di(2-ethylhexyl) sebacate used as base fluid

v

A, Using Distilled Water

- - e e,
5 - = e o et et g bt
S S

WEt, & of : Rust Emulsion | pH of
Additive tested additive [Rat Broke |Water
None 0 10 Less thani 6,7
‘ i 10 min -
Magnesium di-(xylylstearate)! 0,35 0 Less than| 9.6
30 min,
Calcium di-(phenylstearate) 0.35 0 gess thanl 8,9
‘ 0 min.,
Calcium di-~(xylylstearate). 0435 0 Less than| 8.9
30 min,
Barium di~(phenylstearate) 0.3% 0 Less than] 8.3
: 30 min.
B. Using Synthetic Sea Water
None 0 10 Less than| 6,1
10 min,
Magnesium di-(xylylstearate)| 0.35 o] %ess than| 9.8
: ' hr.
Calcium die(phenylstearate) 0.35 3/4 iess than{ 8.6
hr.
Caleium di-{xylylstearate) 0.35 1/8 %ess than| 8,8
hr,
%arium di-(phenylstearate) 0.35 1/4 %ess than/ 9,0
hr.

¥ Test run for 24 hours
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TABLE XV

Spray Cabinet Test at 100°F, with Distilled Vater

Additive tested in wt, %

-

d1-(2-ethylhexyl) of ad=-; "%%§2%2g15atin 721'1;?25"9'3“’“"+
sebacate: dit;ve: hrs, . . hrs, bhrs.l. _hrs.
None - .10 f - - --
Calcium di~(phepylstearate) 0.35 é 3 ! 4 5 7
Caleium di-(phenylstearate) | 1,0 L 1/2 1 2 I 3
Caleium di-(phenylstearate) | 2,0 o ‘! 1/8 1/4 1/2
‘Caleium di-(phenylstearate) | 3,0 ? 0o : 0 0
Magnesium di-(xylylstearate) 0,75 L 1/4 £ 2 4 5
Magnesium di-(xylylstearate)glao i 1/8 ; 1 2 3
fMaggesium di-(xylylstearate)il,s : 0 % 0 1/2 i 1
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TATLE 7ViI a

Solukility of Nater in Diesterz at Room Temperature

Identification . Weight percent
i .
Di~(l-ethylproryl) adipate Lo 0.19
Di~(l-etnylpropyl) azelate f 0.12
’ - 0,13
E . 0,12 :
f , 0.17 ;
Di-(l-ethylpropyl) sebacate T 0,13 !
0.13 |
Di-(2-ethylhexyl) glutarate 0.0g ;
, 0,08 ;
Di-(2-ethylhexyl) sdipate 0.0g :
0.0 !
Di-(2-ethylhexyl) azelate 0.0g
' 0.0 i
Di-(2-ethylhexyl) sebacate 0.0g |
0.0 :
Di~(undecyl) adipate 0,08 :
0.08 i
E-22a * 0,13
. - 0.13
E=25¢ ¥ 0,06
; 0.06
B-25d * 0,08
i - _ ; 0,08 I
E-33a * ! 0,06 » |
' ; 0.05 '

* See Table XVIII for oil composition,
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 Table XX
Diester Lubricating 0ils - Bomb Oxidation Tests at 212°F
Compositions are listed in Table XVIII “

L8

Diester | Description of appearance
0il com~|A.P|Neut, No, Visc, in cs,lafter oxidation test:

position!psilBeforel After |BeforelAfter|0f fluid I0f copper

F-25¢ o |0.30 10.73 |12.6 12,6 |faint green caest, |oxidized
j clear
0.07 10.47 (12.8 }12.8 }yellow, clear "

B-25d 4

E-25d; |1 [0.02 0,32 13,5 13,5 |light brown, clear |darkened
B-25d>. {2 (0,28 10,59 (15.0 |15.1 |light brown, clear "
2545 |2 o.28 jo.75 l1&i8 167 | T " v "
B-25h7 {0 ]l.23 1.60 }13,0 }13.0 |pale yellow, clear "
E-25h2 0 2.23 2.11 13.3 13.3 " n " "
E-25h3 0 3.18 3.13 13.7 13.8 " " " u

¥ No change in apﬁearance of duralumin and cold-rolled steel,
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